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KARL!R.!KOEHLER!! !RECONSTITUTION!OF!MOUSE!INNER!EAR!SENSORY!DEVELOPMENT!FROM!PLURIPOTENT!STEM!CELLS!! The!inner!ear!contains!specialized!sensory!epithelia!that!detect!head!movements,!gravity!and!sound.!Hearing!loss!and!imbalance!are!primarily!caused!by!degeneration!of!the!mechanosensitive!hair!cells!in!sensory!epithelia!or!the!sensory!neurons!that!connect!the!inner!ear!to!the!brain.!The!controlled!derivation!of!inner!ear!sensory!epithelia!and!neurons!from!pluripotent!stem!cells!will!be!essential!for!generating!in#vitro#models!of!inner!ear!disorders!or!developing!cell]based!therapies.!Despite!some!recent!success!in!deriving!hair!cells!from!mouse!embryonic!stem!(ES)!cells,!it!is!currently!unclear!how!to!derive!inner!ear!sensory!cells!in!a!fully!defined!and!reproducible!manner.!Progress!has!likely!been!hindered!by!what!is!known!about!induction!of!the!nonneural!and!preplacodal!ectoderm,!two!critical!precursors!during!inner!ear!development.!The!studies!presented!here!report!the!step]wise!differentiation!of!inner!ear!sensory!epithelia!from!mouse!ES!cells!in!three]dimensional!culture.!We!show!that!nonneural,!preplacodal!and!pre]otic!epithelia!can!be!generated!from!ES!cell!aggregates!by!precise!temporal!control!of!BMP,!TGFβ!and!FGF!signaling,!mimicking!in#vivo!development.!Later,!in!a!self]guided!process,!vesicles!containing!supporting!cells!emerge!from!the!presumptive!otic!epithelium!and!give!rise!to!hair!cells!with!stereocilia!bundles!and!kinocilium.!Remarkably,!the!vesicles!developed!into!large!cysts!with!sensory!epithelia!reminiscent!of!vestibular!sense!organs!(i.e.!the!utricle,!saccule!and!crista),!which!sense!head!movements!and!gravity!in!the!animal.!We!have!designated!these!stem!cell]derived!structures!inner#
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ear#organoids.!In!addition,!we!discovered!that!sensory]like!neurons!develop!alongside!the!organoids!and!form!putative!synapses!with!hair!cells!in!a!similar!fashion!to!the!hair!cell]to]neuron!circuit!that!forms!in!the!developing!embryo.!Our!data!thus!establish!a!novel!in#vitro!model!of!inner!ear!organogenesis!that!can!be!used!to!gain!deeper!insight!into!inner!ear!development!and!disorder.!!
 
Gerry!S.!Oxford,!Ph.D.,!Chair 
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CHAPTER)1:))INTRODUCTION)The!mammalian!inner!ear!is!essential!for!interpreting!verbal!communication!and!maintaining!proper!balance!and!orientation!in!an!environment.!The!inner!ear!contains!two!sensory!apparatuses!for!the!vestibular!and!auditory!senses.!The!vestibular!apparatuses—the!utricle,!saccule!and!the!semicircular!canals!with!three!cristae—comprise!a!series!of!fluid!filled!chambers.!Each!chamber!is!equipped!with!sensory!epithelia!containing!a!cluster!of!mechanosensitive!hair!cells!that!can!detect!linear!acceleration!and!gravity.!The!auditory!apparatus,!by!contrast,!is!a!conch]shaped!organ!containing!three!fluid]filled!tubes!surrounding!a!sensory!epithelium!known!as!the!organ!of!Corti.!The!organ!of!Corti!contains!four!rows!of!hair!cells!that!detect!different!sound!frequencies!depending!on!their!coordinates!along!the!basal]to]apical!spiral!of!cochlea.!Importantly,!each!vestibular!and!cochlear!hair!cell!is!contacted!by!one!or!more!sensory!neurons!that!transmit!information!to!the!central!nervous!system!for!interpretation.!!Like!other!sensory!systems!in!the!body,!the!inner!ear!is!susceptible!to!genetic!mutations!and!environmental!insults!leading!to!dysfunction.!Hearing!loss!is!one!of!the!most!prevalent!sensory!impairments!and!is!estimated!to!occur!in!over!500!million!individuals!worldwide!(Stevens!et!al.,!2011).!Current!treatment!strategies!focus!on!sound!amplification!using!conventional!hearing!aids,!bone]anchored!hearing!aids,!and!in!the!most!severe!cases,!cochlear!implantation!(Sprinzl!and!Riechelmann,!2010).!These!devices!provide!immense!benefit!to!those!with!hearing!loss,!but!are!only!able!to!amplify!acoustic!signals!and!cannot!cure!deafness.!Additionally,!hearing!aids!and!cochlear!implants!are!unable!to!treat!hearing!loss!that!
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occurs!due!to!pathology!aside!from!to!the!sensory!hair!cells!(e.g.!acoustic!neuromas!damage!the!auditory!nerve).!There!is!some!hope!that!these!pathologies!could!be!treated!with!auditory!brainstem!implants,!but!currently!available!data!have!shown!great!variability!in!subject!response,!with!only!limited!improvement!in!speech!comprehension!(Lim!et!al.,!2009).!In!addition,!vestibular!impairment!can!cause!individuals!to!become!dizzy!and!fall;!accidental!falls!are!the!leading!cause!of!injury!related!death!in!adults!over!the!age!of!65!in!the!United!States,!with!30%!of!this!population!experiencing!at!least!one!fall!annually!(Hausdorff!et!al.,!2001).!There!are!no!existing!treatments!to!amplify!vestibular!signals!similar!to!a!hearing!aid,!but!vestibular!prostheses!are!currently!being!studied!(Davidovics!et!al.,!2013).!However,!these!prostheses!only!improve!the!semicircular!canal!function!and!it!is!unknown!whether!prostheses!could!be!made!to!repair!otolith!malfunction.!Both!semicircular!canal!and!otolith!function!are!necessary!for!proper!balance.!!!Compounding!these!issues!is!the!fact!that!sensory!hair!cells!and!primary!afferent!neurons!in!the!mammalian!inner!ear!do!not!regenerate!to!any!clinically!relevant!degree;!therefore,!most!forms!of!hearing!loss!and!balance!disorders!do!not!improve!over!time!(Brigande!and!Heller,!2009;!Groves,!2010;!Shi!and!Edge,!2013).!Stem!cells!have!been!proposed!as!a!possible!source!of!cells!to!replace!lost!or!damaged!hair!cells!and!neurons.!Specifically,!pluripotent!stem!(PS)!cells!are!defined!by!their!unique!ability!to!self]renew!and!differentiate!into!cells!from!all!three!germ!layers!(Hanna!et!al.,!2010).!The!use!of!PS!cells,!such!as!embryonic!stem!(ES)!cells!or!induced!pluripotent!stem!(iPS)!cells,!could!provide!a!means!to!circumvent!the!difficulty!of!obtaining!native!inner!ear!cells!for!investigation.!Genetically!modified!
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animal!models!have!been!used!to!study!inner!ear!disorders;!however,!these!animal!models!recapitulate!some,!but!not!all,!phenotypes!of!human!genetic!disorders.!!Thus,!a!human!PS!stem!cell!model!of!inner!ear!development!has!the!potential!to!be!a!powerful!complement!to!in#vivo!studies.!In!particular,!the!development!of!an!efficient!and!accurate!method!to!produce!inner!ear!sensory!cells!from!human!PS!cells!would!enable!in#vitro#studies!of!the!exact!onset!and!mechanism!of!various!disease!processes!within!the!human!inner!ear!and!could!be!readily!accessible!testing!ground!for!novel!therapeutics!that!could!prevent!or!treat!hearing!loss!and!improve!imbalance!(Brigande!and!Heller,!2009;!Groves,!2010;!Han!et!al.,!2011).!In!this!chapter!I!will!discuss!the!state!of!stem!cell!research!as!it!relates!to!the!inner!ear!and!identify!critical!gaps!in!knowledge!addressed!by!the!work!described!in!
Chapters)2,)3,)4,!and!5!of!this!dissertation.!!!INNER!EAR!DEVELOPMENT:!IN!VIVO!AND!IN!VITRO!The!development!of!an!efficient!method!to!derive!inner!ear!hair!cells!or!sensory!neurons!in#vitro#from!stem!cells!has!been!the!subject!of!intense!investigation!over!the!past!decade!(Brigande!and!Heller,!2009;!Groves,!2010).!Despite!this!effort,!progress!has!been!modest!relative!to!similar!work!aimed!at!deriving!other!ectodermal!tissues,!such!as!the!cortex,!retina,!spinal!cord!and!epidermis,!or!tissues!originating!in!other!germ!layers!(Han!et!al.,!2011;!Hansen!et!al.,!2011;!Williams!et!al.,!2012).!In!this!section!I!will!outline!the!key!developmental!checkpoints!(see!Figure!1)!leading!to!normal!inner!ear!induction!as!well!as!the!techniques!employed!by!researchers!to!guide!stem!cells!to!an!inner!ear!fate!in#vitro.!!
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!!
Figure)1:)Cell)state)transitions)during)development)of)inner)ear)sensory)cells.))The!schematic!shows!a!simplified!model!of!the!temporal!progression!of!inner!ear!development!in!vivo.!Beginning!with!a!pluripotent!state!(psc),!there!is!sequential!acquisition!of!a!definitive!ectoderm!(de),!nonneural!ectoderm!(nne),!preplacodal!ectoderm!(ppe),!and!otic!prosensory!progenitor!cell!(otic)!state!during!inner!ear!development.!Otic!prosensory!progenitors!give!rise!to!inner!ear!sensory!neurons!(i.e.!spiral!ganglion!and!vestibular!ganglion!neurons)!and!sensory!epithelia!containing!hair!cells!(red)!and!supporting!cells!(green).!The!approximate!timing!of!each!fate!transition!is!provided!in!mouse!embryonic!days.! !
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I!will!critically!analyze!how!closely!stem!cell!researchers!have!characterized!each!step!of!the!normal!developmental!process!in#vitro.!Most!of!the!stem!cell!research!on!the!inner!ear!to!date!has!been!carried!out!using!mouse!PS!cells.!For!this!reason,!my!focus!will!be!on!literature!deriving!inner!ear!cells!from!mouse!PS!cells;!however,!I!will!also!discuss!work!using!human!PS!cells!and!adult!stem!cells!(e.g.!mesenchymal!stem!cells)!when!appropriate.!Importantly,!special!emphasize!will!be!given!to!the!key!morphological,!biochemical,!and!physiological!characteristics!needed!to!identify!inner!ear!cells!derived!in#vitro.!
Pluripotent#stem#cells#There!are!two!types!of!PS!cells:!ES!cells!and!iPS!cells.!ES!cells!are!derived!from!inner!cell!mass!cells!in!the!blastocyst!stage!embryo!(approximately!embryonic!(E)!3.5!in!mice).!In!contrast,!iPS!cells!are!fully!differentiated!cells!that!have!been!reprogrammed!to!an!embryonic!stem!cell]like!state!(Takahashi!and!Yamanaka,!2006;!Yu!et!al.,!2007).!The!methods!for!reprogramming!are!rapidly!evolving,!but!typically!involve!the!overexpression!or!modulation!via!small!molecules!of!one!or!more!transcription!factors!important!for!maintenance!of!pluripotency!(Carey!et!al.,!2011;!Hou!et!al.,!2013;!Yamanaka,!2009;!2012).!In!general,!ES!and!iPS!cells!can!be!considered!equivalent!in!developmental!potential,!although!subtle!differences!at!the!genetic!and!epigenetic!level!have!been!uncovered!(Chin!et!al.,!2010;!Gore!et!al.,!2011;!Guenther!et!al.,!2010;!Hanna!et!al.,!2010;!Newman!and!Cooper,!2010).!Moreover,!culture!conditions!and!laboratory!specific!practices!may!contribute!to!these!apparent!differences!(Koehler!et!al.,!2011;!Newman!and!Cooper,!2010).!
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In!recent!years!our!understanding!of!pluripotency!has!advanced!greatly.!Critical!to!our!ability!to!properly!derive!inner!ear!cells,!or!any!other!specific!cell!types,!is!an!appreciation!of!the!two!distinct!states!of!pluripotency,!the!“naïve”!and!“primed”!states,!which!underlie!the!maintenance!and!initial!differentiation!of!PS!cells,!respectively!(Nichols!and!Smith,!2009;!Ying!et!al.,!2008).!The!naïve—also!known!as!the!ground—state!of!pluripotency!refers!to!ES!cells!of!the!inner!cell!mass,!which!are!in!a!stable!state!of!pluripotency!and!express!the!marker!genes!Nanog,#
Sox2,#Oct4,#Klf4!and!Rex1!(for!additional!markers!refer!to!Young,!2011).!Primed!pluripotency!is!ascribed!to!cells!in!the!epiblast!(approximately!E5.5!in!mice)!that!are!poised!for!differentiation!down!either!of!the!ectoderm,!mesoderm!or!endoderm!lineages.!These!epiblast!stem!cells!retain!the!capacity!to!self]renew!and!differentiate!into!cells!from!all!three!germ!layers,!but!are!more!readily!differentiated!by!signaling!cues!than!naïve!PS!cells.!This!is!achieved!by!epigenetic!regulation!of!key!developmental!gene!loci,!which!are!maintained!in!a!transcriptionally!competent,!but!inactive!state!by!both!active!and!repressive!histone!marks,!a!configuration!designated!as!a!“bivalent!domain”!(Azuara!et!al.,!2006;!Bernstein!et!al.,!2006).!The!epigenetic!silencing!ensures!rapid!transactivation!of!the!genes!in!response!to!extracellular!differentiation!signals.!!We!now!know!that!the!manner!in!which!stem!cells!are!maintained!in!culture!can!influence!the!state!of!pluripotency.!Undefined!or!fetal!bovine!serum]based!methods!of!culturing!mouse!PS!cells!can!lead!to!spontaneous!differentiation,!thus!these!conditions!are!more!permissive!of!a!primed!pluripotent!state!(Ying!et!al.,!2008).!However,!this!spontaneous!differentiation!can!be!overcome!by!culturing!
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mouse!PS!cells!in!defined!medium!containing!Leukemia!inhibitory!factor!(LIF)!and!small!molecule!inhibitors!of!the!mitotic!activating!protein!kinase!(MAPK)!and!Gsk3β!(Wray!et!al.,!2011;!Ying!et!al.,!2008).!These!conditions!have!been!shown!to!force!mouse!PS!cells!into!a!naïve!state!of!pluripotency.!Removal!from!these!conditions!can!rapidly!initiate!differentiation.!In!regards!to!differentiation!studies,!the!purity!(i.e.!proportion!of!naïve!vs.!primed!cells)!of!the!cell!population!and!its!relative!pluripotent!state!can!affect!the!temporal!progression!of!in#vitro#development.!The!mammalian!embryo!develops!along!a!tightly!regulated!temporal!schedule,!with!average!gestational!periods!of!18!days!and!9!months!in!mice!and!humans,!respectively.!During!development,!signaling!and!morphogenetic!events!occur!in!stereotyped!anatomical!locations!and!time!points.!For!researchers!to!have!any!success!in!directing!the!differentiation!of!PS!cells!in#vitro!it!is!critical!to!know!from!which!embryonic!time!point!they!are!starting.!Interestingly,!human!PS!cells!are!thought!to!represent!a!primed!state!of!pluripotency!(Hanna!et!al.,!2010).!As!a!consequence,!human!PS!cells!share!a!similar!gene!expression!and!signal!cue!response!profile!with!mouse!epiblast]like!cells.!This!gap!in!developmental!timing!is!important!for!understanding!the!differences!between!how!mouse!and!human!PS!cells!differentiate!in#vitro.!!
The#definitive#ectoderm#The!inner!ear!arises!from!the!ectoderm!germ!layer.!As!such,!following!a!primed!pluripotent!state,!embryonic!stem!cells!transition!into!a!transient!state!known!as!the!definitive!ectoderm!(approximately!E6!in!mice).!In!mice,!the!definitive!ectoderm!is!not!clearly!defined!due!to!its!brief!occurrence!during!development!and,!
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thus!has!only!been!investigated!directly!in!lower!vertebrates!(Hemmati]Brivanlou!and!Melton,!1997;!Wilson!and!Hemmati]Brivanlou,!1995).!The!definitive!ectoderm!is!a!bipotent!precursor!of!the!neural!and!nonneural!ectoderm.!Collectively,!these!tissues!give!rise!to!the!epidermis!and!the!central!and!peripheral!nervous!systems!(CNS!and!PNS).!It!is!particularly!challenging!to!define!definitive!ectoderm!cells!in!an!
in#vitro!setting!due!to!the!lack!of!specific!marker!genes!or!proteins;!however,!definitive!ectoderm!cells!can!be!defined!by!how!they!respond!to!signaling!cues!(Harvey!et!al.,!2010).!Seminal!embryonic!explant!studies!have!revealed!that!undefined!ectodermal!tissue!will!differentiate!into!neural!ectoderm!in!the!absence!of!signaling!factors!(i.e.!in!a!serum]free!medium!with!minimal!growth!factors).!This!is!known!as!the!default!model!of!neural!ectoderm!development!(De!Robertis!and!Kuroda,!2004;!Stern,!2005;!Ying!et!al.,!2003).!Later!work!in!Xenopus!showed!that!ectodermal!explants!cultured!ex#vivo!in!the!presence!of!bone!morphogenetic!protein]4!(BMP4)!differentiate!into!nonneural!ectoderm,!whereas!control!explants!differentiated!into!neural!ectoderm!tissue!(Wilson!and!Hemmati]Brivanlou,!1995;!Wilson!et!al.,!1997).!Interestingly,!PS!cells!treated!with!BMP4!will!preferentially!differentiate!into!mesodermal!derivatives!(Bernardo!et!al.,!2011).!From!these!studies!and!what!we!know!about!pluripotent!states,!we!can!define!definitive!ectoderm!cells!as!cells!that!arise!following!a!primed!or!epiblast]like!state,!but!have!not!yet!committed!to!a!neural!fate.!Furthermore,!in!respond!to!BMP!signaling!definitive!ectoderm!cells!transition!to!a!nonneural!fate!instead!of!a!mesodermal!fate.!Such!cells!have!been!described!in!ES!cell!cultures!previously!(Harvey!et!al.,!2010).!Harvey!et!al.!observed!a!transient!cell!type!in!their!mouse!ES!cell!culture!that!
! 9!
responded!to!BMP4!treatment!by!differentiating!into!nonneural!ectoderm!cells!(Harvey!et!al.,!2010).!!The!definitive!ectoderm!is!likely!under]characterized!in!stem!cell!cultures!because!neural!ectoderm!and!various!neuronal!subtypes!can!be!generated!with!relative!ease.!Neural!cells!develop!efficiently!in!serum]free!conditions,!or!using!BMP!inhibitors!(e.g.!Noggin,!Dorsomorphin!and!LDN]193189).!More!generally,!inhibition!of!transforming!growth!factor!beta!(TGFβ)!signaling!can!promote!ectodermal!induction,!likely!by!suppressing!a!primed!pluripotent!and!mesodermal!state,!both!of!which!all!require!TFGβ!activity!(Chambers!et!al.,!2009).!Notably,!TGFβ!inhibition!(i.e.!using!small!molecules!such!as!selective!inhibitor!of!smad3![SIS3])!has!been!previously!used!to!enhance!production!of!inner!ear!cells!from!mouse!ES!cells!by!inhibiting!the!aberrant!production!of!mesoderm!and!endoderm!cells!(Oshima!et!al.,!2010).!
The#nonneural#ectoderm#The!nonneural!ectoderm!(also!known!as!the!surface!ectoderm)!is!the!next!critical!precursor!during!inner!ear!development!(approximately!E6.5!in!mice).!The!nonneural!ectoderm!is!the!precursor!to!both!the!epidermis!and!preplacodal!ectoderm;!the!latter!of!which!gives!rise!to!all!cranial!placodes!including!the!otic!(inner!ear)!placode.!Our!current!understanding!of!nonneural!ectoderm!induction!was!primarily!obtained!from!the!Xenopus!and!zebrafish!model!systems.!The!consensus!model!stipulates!that!at!the!end!of!gastrulation,!a!gradient!of!BMP!molecules!patterns!the!ectodermal!layer!with!high!lateral!concentrations!and!low!medial!concentrations!of!BMP!molecules!demarcating!regions!of!nonneural!and!
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neural!ectoderm,!respectively!(Barth!et!al.,!1999;!Kishimoto!et!al.,!1997;!Neave!et!al.,!1997;!Reversade!and!De!Robertis,!2005;!Wilson!et!al.,!1997).!This!gradient!coincides!with!the!upregulation!of!several!nonneural!associated!markers,!including!Dlx3,#Dlx5,#
Gata2,#Gata3#and#AP2.!As!mentioned!previously,!high!BMP!activity!steers!definitive!ectodermal!cells!towards!a!nonneural!fate.!Moreover,!BMP!antagonists!secreted!from!cells!at!the!midline!of!the!embryo!reinforce!a!lack!of!BMP!signaling!in!cells!destined!to!become!neural!ectoderm.!!Consistent!with!its!role!during!development,!nonneural!induction!by!BMP!signaling!has!been!recreated!in!mouse!and!human!PS!cell!cultures!for!the!production!of!epidermal!cells!such!as!keratinocytes!(Coraux!et!al.,!2003;!Green!et!al.,!2003;!Itoh!et!al.,!2011;!Metallo!et!al.,!2008).!A!similar!approach!has!been!taken!to!generate!lens!tissue!from!human!PS!cells!(Leung!et!al.,!2013;!Yang!et!al.,!2010).!Despite!these!studies,!researchers!targeting!the!induction!of!inner!ear!cells!from!PS!cells!have!largely!failed!to!recognize!the!nonneural!ectoderm!as!an!essential!precursor.!Of!note,!Oshima!and!colleagues!(2010)!used!medium!containing!fetal!bovine!serum!to!produce!otic!progenitor!cells.!Although!not!acknowledged!by!the!authors,!fetal!bovine!serum!is!known!to!contain!BMP!proteins,!which!likely!contributed!to!nonneural!induction!in!their!cultures.!!
The#preplacodal#region#As!mentioned!above,!the!preplacodal!ectoderm!is!derived!from!the!nonneural!ectoderm,!which!contains!precursor!cells!that!will!ultimately!give!rise!to!the!otic!placode!and!then!the!inner!ear.!The!preplacodal!ectoderm!develops!in!a!U]shaped!region!of!head!ectoderm!at!the!border!of!nonneural!and!neural!ectoderm.!
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This!region!is!often!referred!to!as!the!preplacodal!region!(PPR)!and!gives!rise!to!six!cranial!placodes:!the!adenohypophyseal!(anterior!pituitary!gland),!olfactory!(olfactory!sensory!epithelium),!lens,!trigeminal!(cranial!nerve!V),!otic!(inner!ear/cranial!nerve!VIII)!and!epibranchial!(cranial!nerves!VII,!IX!and!X)!placodes.!Here!I!will!focus!on!the!induction!of!the!PPR!and!subsequent!otic!placode!induction,!but!for!the!interested!reader!there!are!several!excellent!reviews!on!development!of!the!other!cranial!placodes!from!PPR!(Grocott!et!al.,!2012;!Patthey!and!Gunhaga,!2011;!Schlosser,!2006).!An!overview!of!the!signaling!mechanisms!leading!to!preplacode!induction!and!the!various!genetic/protein!markers!that!can!be!used!to!characterize!this!process!is!shown!in!Figure!2.!!The!PPR!is!signified!by!expression!of!Six1,#Six4,#Eya1!and!Eya2!in!addition!to!nonneural!markers!such!as!Dlx3,#Dlx5,#Gata2,#Gata3!and!AP2.!Until!recently,!the!underlying!mechanisms!leading!to!induction!of!the!PPR!were!unclear.!Several!elegant!zebrafish!and!chicken!studies!have!now!demonstrated!that!the!BMP!activity!needed!for!nonneural!induction!must!be!subsequently!attenuated!for!the!PPR!to!develop!properly!(Ahrens!and!Schlosser,!2005;!Brugmann!et!al.,!2004;!Glavic!et!al.,!2004;!Kwon!et!al.,!2010;!Litsiou!et!al.,!2005).!Furthermore,!others!have!shown!that!fibroblast!growth!factor!(FGF)!signaling!and!inhibition!of!Wnt!signaling!are!critical!for!PPR!induction!(Kwon!et!al.,!2010;!Litsiou!et!al.,!2005;!Patthey!et!al.,!2009).!From!these!studies!it!was!clear!that!BMP!and!Wnt!inhibition!concomitant!with!activation!of!FGF!signaling!were!critical!for!preplacode!induction,!however,!the!question!of!whether!the!entire!preplacode!is!exclusively!derived!from!the!nonneural!ectoderm!was!not!resolved!until!more!recently.!In!2012,!Pieper!and!colleagues!used!tissue!!
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!!!
!!
Figure)2:)Schematic)overview)of)the)key)signaling)mechanisms)underlying)
nonneural)and)preplacodal)ectoderm)induction.))Note!that!the!“i”!indicates!signaling!mechanisms!that!are!inhibited.!The!lower!panel!lists!makers!that!can!be!used!to!identify!each!tissue!type.!E]!and!N]cadherin!are!bolded!to!emphasize!the!importance!of!using!these!markers!to!distinguish!nonneural!and!neural!cell!types.)! !
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grafting!in!the!Xenopus!model!to!reveal!that!the!two!neural!plate!border!tissues,!the!PPR!and!the!neural!crest,!are!derived!from!the!nonneural!and!neural!ectoderm,!respectively!(Pieper!et!al.,!2012).!It!should!be!noted,!however,!that!a!conflicting!report!seems!to!suggest!that!elevated!FGF!signaling!can!induce!neural!crest!tissue!from!nonneural!cells!(Yardley!and!García]Castro,!2012).!Despite!the!discrepancy!surrounding!the!origin!of!neural!crest!tissue,!there!is!a!consensus!that!the!preplacodal!ectoderm!is!a!nonneural!ectoderm!derivative.!Moreover,!PPR!acquisition!appears!to!be!critical!before!cells!can!proceed!towards!an!otic!placode!cell!fate.!Notably,!Martin!and!Groves!demonstrated!that!FGF2!treatment!can!induce!otic!cells!in!chicken!preplacodal!explants!(Martin!and!Groves,!2006).!By!contrast,!FGF2!treatment!could!not!induce!otic!markers!in!more!naïve!surface!ectoderm!explants.!Moreover,!non]preplacodal!ectoderm!tissues!could!be!converted!into!a!preplacodal!tissue!upon!grafting!into!the!PPR!and,!once!converted,!this!tissue!became!responsive!to!FGF2!treatment!and!gave!rise!to!otic!placode!cells.!!These!basic!developmental!studies!are!critical!to!recreating!inner!ear!development!with!PS!cells!because!we!must!know!precisely!what!intermediate!cell!types!to!expect!in!order!to!validate!proper!development!in#vitro.!In!other!words,!to!prove!that!inner!ear!cells!have!been!derived!from!stem!cells,!researchers!will!need!to!provide!evidence!that!the!cells!have!passed!through!a!preplacodal!intermediate.!Towards!this!end,!Oshima!and!colleagues!recently!used!TGFβ!and!Wnt!inhibitors!to!steer!a!heterogeneous!cell!population!towards!a!preplacodal!fate!and!then!an!otic!progenitor!fate!(Oshima!et!al.,!2010).!To!show!preplacodal!induction,!however,!the!group!used!non]quantitative!PCR!analysis!of!several!marker!genes!(e.g.!Dlx5,!Six1,#
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Eya1).!As!the!sole!method!of!verification,!non]quantitative!PCR!is!difficult!to!interpret!because!the!transcripts!being!amplified!could!originate!in!disparate!cell!types!within!the!heterogeneous!population.!For!this!reason,!although!Oshima!and!colleagues!were!able!to!show!an!upregulation!of!several!preplacodal!markers!following!their!treatment!plan,!a!demonstration!that!these!markers!were!co]expressed!is!what!was!truly!necessary!to!prove!that!preplacodal!cells!developed.!Therefore,!immunohistochemical!analysis!or!single!cell!PCR!is!needed!to!verify!these!results.!!)
The#oticKepibranchial#placode#domain#and#the#otic#placode#In!mice,!FGF!signaling!originating!from!the!neighboring!hindbrain!and!the!underlying!mesenchyme!is!essential!for!otic!placode!induction!in!the!PPR.!In!particular,!two!FGF!isoforms,!FGF]3!and!FGF]10,!are!responsible!for!the!induction!process.!Otic!placode!formation!appears!to!occur!in!two!steps.!Initially,!a!broad!region!of!the!posterior!PPR!is!defined!by!the!aforementioned!FGF!signaling.!Both!the!otic!placode!and!epibranchial!placodes!arise!from!this!region;!therefore,!it!is!often!referred!to!as!the!otic]epibranchial!placodal!domain!(hereafter,!OPED;!(Ladher!et!al.,!2010).!The!transcription!factors!Pax2!and!Pax8!are!initially!expressed!throughout!the!OPED,!however,!Pax2!expression!is!restricted!to!the!otic!placode!over!time.!The!segregation!of!the!otic!placode!has!been!linked!to!Wnt!mediated!transcriptional!control!in!the!developing!otic!placode!(Freter!et!al.,!2008;!Ohyama!et!al.,!2006).!Thus,!FGF!and!Wnt!signaling!are!the!primary!inducers!of!otic!tissue!in!the!PPR!(Figure!3a).!!
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Signaling#mechanisms#governing#otic#vesicle#formation#Shortly!after!the!otic!placode!is!specified!and!acquires!a!thickened!morphology,!the!placode!invaginates!into!the!mesenchyme!to!form!the!otic!pit.!Over!a!period!of!12]24!hours!the!otic!pit!epithelium!pinches!off!from!the!surface!ectoderm!to!form!the!otic!vesicle!(also!known!as!the!otocyst).!The!otic!vesicle!is!then!partitioned!into!dorsal!and!ventral!regions!by!opposing!gradients!of!Wnt!and!BMP!ligands,!and!Sonic!hedgehog!signaling,!respectively.!The!ventral!region!of!the!otic!vesicle!contains!prosensory!otic!progenitors!that!give!rise!to!the!primary!sensory!cells!of!the!inner!ear:!sensory!neurons!and!hair!cells.!Thus,!acquisition!of!a!prosensory!otic!fate!is!critical!to!generating!inner!ear!sensory!cells!from!PS!cells.!Choosing!the!proper!markers!to!identify!otic!progenitor!cells!deserves!careful!consideration.!Figure!3b!provides!an!overview!of!how!to!characterize!authentic!otic!differentiation!from!other!tissue!types!that!express!otic!associated!markers.!From!embryonic!studies,!Pax2!and!Pax8!have!emerged!as!markers!of!genuine!otic!progenitors;!yet!these!proteins!are!not!unique!to!the!inner!ear!during!development.!For!instance,!at!E9.5!in!mice,!Pax2/8!expression!observed!in!the!optic!stalk,!mid]hindbrain,!kidney!(i.e.!the!nephros),!and!the!otic!vesicle.!Thus,!additional!markers!are!necessary!to!positively!identify!otic!progenitors!derived!in#vitro.!For!instance,!the!differential!expression!of!cadherins!can!be!used!to!identify!nonneural!(including!otic!progenitor!cells)!versus!neural!tissue.!E]cadherin!expression!is!maintained!in!the!transition!from!definitive!ectoderm!to!nonneural!ectoderm,!whereas!it!is!downregulated!in!neural!ectoderm!tissue.!Therefore,!stem!cell!researchers!can!utilize!the!differential!expression!of!E]cadherin/N]cadherin!to!!
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Figure)3:)Mechanisms)and)markers)indicative)of)otic)induction.)
a,!FGF!and!Wnt!activation!are!critical!for!conversion!of!preplacodal!to!otic!progenitor!cells.!b,!Several!non]otic!tissues!express!traditional!otic!markers.!Researchers!should!be!careful!to!rule!out!these!tissues!while!characterizing!in#vitro!otic!development.!!
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determine!if!their!cultures!are!entering!a!nonneural!or!neural!lineage.!This!distinction!will!preclude!the!mistaken!identification!of!optic!stalk!or!mid]hindbrain!tissue!for!otic!tissue,!however,!further!characterization!is!needed!to!differentiate!otic!and!kidney!progenitors!both!of!which!express!E]cadherin,!Pax2!and!Pax8.!For!this!purpose!other!otic!markers!not!seen!in!embryonic!kidney,!such!as!Dlx3!and!Dlx5,!can!be!employed.!In!addition,!the!Notch!signaling!associated!protein!Jagged1!and!the!transcription!factor!Sox2!are!expressed!throughout!the!otic!placode!and!the!nascent!otic!vesicle!(Hartman!et!al.,!2010;!Neves!et!al.,!2011;!2012;!Oesterle!et!al.,!2007).!Both!of!these!proteins!are!later!restricted!to!the!prosensory!domain!of!the!otic!vesicle!and!sensory!epithelium!that!produce!hair!cells!and!supporting!cells.!Moreover,!the!hair!cell!associated!marker!Myo7a!is!expressed!at!low!levels!in!the!otic!vesicle,!which!appears!to!be!a!unique!feature!of!inner!ear!development!(Boëda!et!al.,!2001;!Sahly!et!al.,!1997).!!!PATTERNING!CELL!FATE!IN!CULTURE!An!important!issue!in!stem!cell!biology!is!the!format!of!the!derivation!culture.!There!are!primarily!three!types!of!culture!methods:!(1)!monolayer!(i.e.!two]dimensional;!2D)!culture!wherein!the!cells!are!attached!to!the!bottom!of!a!culture!dish,!(2)!floating!aggregate!or!embryoid!body!(i.e.!three]dimensional;!3D)!culture!wherein!cells!remain!floating!in!clumps,!and!(3)!a!combination!of!both!3D!and!2D!methods!wherein!the!cells!are!cultured!as!aggregates!for!a!period!of!time!and!then!plated!on!a!culture!dish!(Figure!4).!Recent!derivation!studies!in!other!fields!have!highlighted!the!relative!merits!of!each!approach.!For!instance,!in!monolayer!culture,!!
!!
18!
!
!
Table!1:!Previous!attempts!to!derive!inner!ear!sensory!cells!from!pluripotent!stem!cells!! ! Cell!Type! Culture!Method! Nonneural! Preplacodal! Otic!Progenitor! Cell!Types!! !Year! Group! Used! Used! Cells! Cells! Cells! Derived! Citation!2003! Heller! mESC! 3D/2D,!SFMa,!! N/A! N/A! Pax2+! Hair!cellLlike! Li!et!al.,!2003!! ! ! +EGF,!+IGF1!! ! ! ! cells! !! ! ! +FGF2! ! ! ! ! !2010! Heller! mESC! 3D/2D,!SMb,! N/A! N/A! Pax2/Pax8/! Hair!cellsLlike! Oshima!et!al.,!! ! miPSC! +IGF1,!SIS3c,!Dkk1!! ! ! Dlx5+! cells! 2010!! ! ! +FGF2,! ! ! En1L! ! !! ! ! Chick!utricle!cell!coLculture! ! ! ! ! !2012! Rivolta! hESC! 2D,!SFM,! N/A! N/A! Pax8/Sox2+! Hair!cellLlike!! Chen!et!al.,!!! ! ! +FGF3,!FGF10! ! ! Pax8/FoxG1+! and!sensory!! 2012!! ! ! ! ! ! Pax8/Nestin+! neuronLlike! !! ! ! ! ! ! ! cells! !2012! Yoshikawa! mESC! 3D/2D,!! N/A! N/A! N/A! Hair!cellLlike! Ouji!et!al.,!2012!! ! ! Stromal!cell! ! ! ! cells! !! ! ! medium! ! ! ! ! !! ! ! ! ! ! ! ! !
a,!SFM,!serumLfree!medium;!b,!SM,!serumLcontaining!medium;!c,!SIS3,!selective!inhibitor!of!smad3.!!!
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human!PS!cells!can!be!rapidly!and!efficiently!differentiated!into!neural!and!neural!crest!derivatives!using!small!molecule!inhibitor!and!recombinant!protein!treatments!(Abranches!et!al.,!2009;!Chambers!et!al.,!2009;!2012;!Li!and!Ding,!2010).!These!studies!suggest!that!the!monolayer!approach!may!yield!a!more!homogenous!population!of!a!desired!cell!type.!This!is!likely!due!to!each!cell!receiving!the!same!level!of!signaling!inhibition!or!activation!following!a!treatment.!Conversely,!cells!aggregated!in!a!3D!culture!may!receive!varying!levels!of!signaling!modulation!depending!on!their!location!within!the!aggregate!and!the!diffusion!properties!of!a!particular!molecule!or!protein!(Kinney!et!al.,!2011).!Nonetheless,!several!3D!culture!methods!have!been!developed!that!lead!to!relatively!efficient!conversion!of!PS!cells.!Of!particular!note!is!the!serumLfree!culture!of!embryoid!body!aggregates!with!quick!aggregation!(also!known!as!SFEBq)!method!developed!by!Yoshiki!Sasai!and!coworkers!(Eiraku!et!al.,!2008;!Watanabe!et!al.,!2005).!In!a!series!of!elegant!studies!beginning!in!the!midL2000s,!Sasai!and!colleagues!demonstrated!that!this!method!can!be!used!to!generate!a!nearly!90%!pure!population!of!neural!ectoderm!cells,!which!can!give!rise!to!forebrain,!midbrain!and!retinal!tissue!(Danjo!et!al.,!2011;!Eiraku!et!al.,!2008;!Ikeda!et!al.,!2005;!Muguruma!et!al.,!2010;!Sasai!et!al.,!2012;!Watanabe!et!al.,!2005).!A!major!advantage!of!SFEBq!culture!is!that!ectodermal!tissues!develop!in!the!form!of!epithelia!similar!to!their!in#vivo!counterparts.!Therefore,!morphology!can!be!used!as!a!means!of!characterization!in!3D!culture—similar!to!the!way!structures!can!be!identified!in!the!embryo.!Conversely,!in!2D!and!3DL2D!cultures!morphological!properties!are!often!lost!because!cells!conform!to!the!flat!culture!surface.!!
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Figure'4:'Differentiation'culture'formats'Illustrations!of!the'2D,!3DL2D!and!3D!culture!formats.'!
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To!date,!most!inner!ear!derivation!studies!have!adopted!a!3DL2D!approach.!Table!1!summarizes!the!findings!of!recent!attempts!to!derive!inner!ear!sensory!cells!from!PS!cells.!Li!and!colleagues!were!the!first!to!provide!evidence!that!inner!ear!hair!cellLlike!progenitors!could!be!derived!in#vitro#using!mouse!embryonic!stem!cells!(Li!et!al.,!2003).!A!combined!treatment!of!EGF,!insulinLlike!growth!factor!1!(IGF1)!and,!later,!FGF2!were!used!in!this!study!and!subsequent!studies!using!other!stem!cell!types!to!promote!development!of!inner!ear!cells!(Chen!et!al.,!2009;!2012;!De!Silva!et!al.,!2006;!Jeon!et!al.,!2007;!Li!et!al.,!2003;!Oshima!et!al.,!2010;!Qin!et!al.,!2011).!EGFL1!has!been!shown!to!have!a!role!in!preventing!senescence!and!apoptosis!in!otic!cells,!while!IGF1!has!been!found!to!be!integral!to!proper!otic!neurogenesis!(Aburto!et!al.,!2012;!Magarinos!et!al.,!2010;!White!et!al.,!2012).!Additionally,!IGF1!has!also!been!shown!to!be!necessary!for!proper!development!of!the!anterior!head!region!of!the!mouse!embryo,!but!a!more!direct!role!in!inner!ear!induction!is!less!certain!(Pera!et!al.,!2001).!As!mentioned!before,!transient!BMP!signaling!underlies!the!early!inner!ear!induction!process,!so!it!is!unclear!how!these!mechanisms!were!recapitulated!in!this!culture.!Li!and!colleagues!characterized!putative!otic!progenitor!cells!by!expression!of!Pax2!and!Nestin,!which!are!not!exclusively!expressed!during!inner!ear!development.!Nonetheless,!putative!hair!cells!expressing!Myo7a,!Brn3c,!and!Atoh1!comprised!~5%!of!the!culture!after!two!weeks!of!differentiation.!In!apparent!proof!that!these!cells!were!of!the!inner!ear!lineage,!the!researchers!demonstrated!the!in#
vivo#survival!of!the!otic!progenitors!and!showed!that!they!differentiated!into!hair!cell!like!cells!following!injection!into!the!avian!inner!ear.!These!results!are!compelling,!however,!a!convincing!reproduction!of!these!results!has!not!emerged!
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since!publication!in!2003.!For!instance,!in!a!more!recent!study!Chen!et!al.!(2012),!using!human!PS!cells,!were!unable!to!produce!hair!cellLlike!cells!using!the!EGF/IGF1/FGF2!method.!!After!testing!the!EGF/IGF1/FGF2!approach,!Chen!and!coworkers!developed!a!novel!method!for!deriving!otic!progenitors,!sensory!neurons,!and!hair!cellLlike!cells!from!human!PS!cells.!For!this!approach,!human!PS!cells!were!plated!in!a!serumLfree!monolayer!culture!and!treated!with!FGFL3!and!FGFL10!for!a!period!of!12!days.!This!method!is!intriguing!because!of!its!simplicity.!Although,!the!use!of!FGFL3!and!FGFL10!are!developmentally!accurate,!the!timing!of!treatment!is!much!too!early!to!have!the!same!inductive!affect!seen!on!preplacodal!cells!in#vivo.!Thus,!it!is!unclear!how!FGFL3!and!FGFL10!function!to!generate!otic!progenitors!in!this!culture.!It!is!conceivable!that!endogenous!BMP!signaling!mediates!the!spontaneous!generation!of!nonneural!cells.!Nonetheless,!strong!evidence!suggests!that!human!PS!cells,!cultured!under!serumLfree!conditions,!are!biased!toward!neural!development!(Meyer!et!al.,!2009;!Pankratz!et!al.,!2007;!Zhang!et!al.,!2001).!Since!most!of!these!previous!studies!were!performed!using!a!3DL2D!method,!it!is!possible!that!the!exclusively!monolayer!format!is!more!conducive!to!spontaneous!nonneural!differentiation!(Chambers!et!al.,!2009).!Despite!these!mechanistic!uncertainties,!Chen!et!al.!identified!epithelial!cells!that!expressed!Pax2,!Pax8,!FoxG1,!Sox2,!Nestin!and!Six1!as!evidence!of!their!otic!progenitorLlike!characteristics.!They!also!found!Myo7a/Brn3c+!cells!in!their!cultures!that!appeared!to!have!rudimentary!apical!protrusions!with!EspinLpositive!bundles—reminiscent!of!hair!cell!stereocilia.!However,!since!the!bundles!do!not!have!the!same!architecture!as!stereocilia!on!native!hair!cells!further!
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characterization!will!be!needed!to!determine!the!authenticity!of!these!bundleLbearing!cells.!!Another!recent!study!delineated!a!simple!culture!method!that!involves!treating!PS!cells!with!stromal!cell!conditioned!medium!for!a!period!of!14!days,!which!resulted!in!generating!Myo7a/Brn3c+!hair!cellLlike!cells!(Ouji!et!al.,!2012).!Intriguingly,!PS!cells!in!this!study!first!undergo!neural!ectoderm!conversion!before!expressing!hair!cellLlike!marker!proteins.!It!is!difficult!to!determine!whether!these!cells!are!truly!inner!ear!hair!cells!or!CNS!cells!that!happen!to!share!characteristics!with!hair!cells.!Notably,!choroid!plexus!cells!and!retinal!pigment!epithelium!cells,!two!neural!ectoderm!derivatives,!are!known!to!express!Myo7a!during!development!and!may!be!mistaken!for!hair!cells!in!a!2D!culture!(Boëda!et!al.,!2001;!Sahly!et!al.,!1997).!In!addition!to!protein!expression!analysis,!Ouji!et!al.!attempted!to!show!that!these!Myo7a/Brn3c+!cells!have!functional!mechanosensitive!channels!by!showing!that!they!take!up!FM1L43!dye.!FM1L43!dye!becomes!fluorescent!upon!entering!cells!through!specific!types!of!ion!channels,!including!the!mechanosensitive!ion!channels!found!in!mature!hair!cells.!If!a!putative!hair!cell!does!not!become!fluorescent!when!treated!with!FM1L43!dye,!it!likely!does!not!contain!functional!mechanosensitive!channels.!Incidentally,!choroid!plexus!epithelial!cells!are!also!known!to!take!up!FM1L43!dye!(Meyers!et!al.,!2003).!Thus,!the!true!identity!of!the!cells!derived!by!Ouji!and!colleagues!remains!equivocal!without!further!examination.!These!results!underscore!the!necessity!to!properly!demonstrate!the!temporal!progression!of!PS!cells!as!they!transition!from!one!cell!state!to!the!next.!Similarly,!the!cells!in!the!Chen!et!al.!study!appear!to!transition!through!a!neural!ectoderm!intermediate!(Chen!et!al.,!
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2012).!As!we!have!discussed,!neural!ectodermal!transition!deviates!from!the!established!progression!of!inner!ear!development.!It!is!conceivable!that!these!results!may!reflect!differences!between!the!mouse!and!human!inner!ear!developmental!process!and!that!of!lower!vertebrates!such!as!the!chicken!and!frog;!however,!early!developmental!events!like!the!bifurcation!of!the!ectoderm!are!likely!conserved!between!species.!!In!2010,!Oshima!and!colleagues!established!a!novel!method!for!generating!otic!progenitors!(Oshima!et!al.,!2010).!This!method!adopted!the!use!of!IGF1!from!their!previous!method!described!in!Li!et!al.,!but!added!several!elements!to!more!accurately!model!otic!development.!As!I!briefly!mentioned!before,!their!strategy!was!to!induce!cells!from!all!lineages!by!treating!cells!with!FBS!and!then!selectively!inhibiting!mesoderm!and!endoderm!cells!using!TGFβ!and!Wnt!inhibitors.!Although!this!approach!led!to!a!heterogeneous!mixture!of!cells,!the!researchers!were!able!to!identify!a!small!population!(10L20%)!of!cells!expressing!a!combination!of!marker!proteins!for!otic!progenitors,!including!Pax2,!Pax8!and!Dlx5.!Moreover,!the!otic!progenitors!generated!in!this!study!did!not!express!EngrailedL1,!a!protein!expressed!in!Pax2/8+!cells!of!the!developing!hindbrain.!This!is!a!strong!characterization,!because!Pax2/8!and!Dlx5!only!overlap!in!the!developing!inner!ear,!however!the!authors!had!difficulty!quantifying!the!number!of!cells!that!were!positive!for!all!three!markers!(Oshima!et!al.,!2010).!This!may!be!due!to!the!fact!that!these!proteins!are!expressed!sequentially!during!inner!ear!development!and!do!not!overlap!for!an!extended!period!in!the!embryo.!!
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Oshima!and!coworkers!used!a!3DLtoL2D!format,!making!it!easier!to!identify!otic!progenitorLlike!cells!amongst!a!monolayer!of!cells!(Oshima!et!al.,!2010).!Interestingly,!when!these!cells!were!cultured!for!up!to!20!days!in!a!serumLfree!medium!on!a!fibronectin!substrate,!the!researchers!observed!the!development!of!hair!cellLlike!cells!expressing!GFP!under!control!of!the!hair!cell!marker!gene!Atoh1.!Atoh1LGFP+!cells!also!expressed!Myo7a,!but!did!not!have!stereocilia!bundles!seen!in!native!hair!cells.!Remarkably,!if!the!mixture!of!cells!containing!otic!progenitorLlike!cells!was!plated!on!a!layer!of!mitotically!inactivated!chicken!utricle!supporting!cells!(i.e.!the!cells!that!normally!underlie!and!insulate!hair!cells!in!the!sensory!epithelium),!more!mature!looking!hair!cellLlike!cells!developed!with!stereocilia!bundles!(denoted!by!FLactin/Espin!coLlocalization)!and!a!kinocilium!(denoted!by!acetylatedLαLtubulin!expression).!Despite!the!fact!that!these!cells!represented!less!than!one!percent!of!the!total!cell!population,!the!researchers!were!able!to!use!the!Atoh1LGFP!reporter!to!identify!cells!for!electrophysiological!recordings.!By!deflecting!the!stereocilia!bundles,!they!found!that!these!hair!cellLlike!cells!were!indeed!mechanosensitive!similar!to!native!hair!cells.!These!results!marked!the!first!demonstration!that!functional!hair!cells!could!be!derived!from!PS!cells!in#vitro.!The!findings!also!indicated!that!supporting!cells!might!provide!an!important!signaling!cue!missing!in!the!monolayer!culture!system.!Perhaps!hair!cells!derived!in#vitro!must!be!incorporated!into!an!epithelium!in!a!manner!similar!to!native!hair!cells!in!order!to!develop!properly.!This!would!suggest!that!a!2D!culture!format!might!not!be!appropriate!for!proper!hair!cell!differentiation.!In!support!of!this!notion,!recent!studies!on!retinal!derivation!suggest!that!complex!epithelia!containing!specialized!
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sensory!cell!types!develop!more!authentically!and!reach!later!stages!of!maturity!in!a!3D!culture!environment!(Eiraku!et!al.,!2011;!GonzalezLCordero!et!al.,!2013;!Nakano!et!al.,!2012;!Sasai!et!al.,!2012).!!
Toward#a#framework#for#how#to#identify#hair#cell#types#in#vitro!In!the!mammalian!inner!ear!there!are!four!distinct!types!of!hair!cells.!Sensory!epithelia!in!the!vestibule!contain!type!I!and!II!hair!cells,!whereas!the!organ!of!Corti!in!the!cochlea!contains!inner!and!outer!hair!cells.!In!the!animal,!hair!cell!types!can!be!readily!distinguished!by!gross!anatomical!characteristics;!however,!researchers!deriving!hair!cells!in#vitro!must!rely!primarily!on!genetic!markers!to!distinguish!one!hair!cell!type!from!another.!Figure!5!summarizes!the!defining!characteristics!of!different!hair!cell!types!that!can!be!used!to!identify!hair!cells!in#vitro.!!Single!cell!electrophysiological!recordings!can!be!used!not!only!to!confirm!acquisition!of!membrane!properties!comparable!to!those!of!native!hair!cells,!but!also!to!determine!the!hair!cell!phenotype.!For!example,!stem!cellLderived!hair!cells!acquiring!a!vestibular!phenotype!should!follow!a!stereotyped!pattern!of!functional!maturation!characterized!by!the!four!distinct!voltageLgated!conductances:!a!delayed!rectifier!conductance!(GDR),!a!fast!inward!rectifier!potassium!conductance!(GK,L),!a!typeLILspecific!delayed!rectifier!potassium!conductance!(GK1),!and!a!tetrodotoxinLinsensitive!sodium!conductance!(GNa),!as!well!as!the!mechanotransducer!conductance!(Géléoc!and!Holt,!2003;!Géléoc!et!al.,!2004).!The!temporal!order!of!conductance!acquisition!should!be:!GDR,!GK1,!GNa!and!GK,L!in!cells!destined!for!a!type!I!vestibular!phenotype.!Moreover,!GNa!expression!in!stem!cellLderived!hair!cells!may!be!of!large!enough!to!induce!spiking!patterns!similar!to!that!of!immature!cochlear!!
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Figure'5:'Defining'different'hair'cell'types'by'morphology'and'genetic'
markers.'Criteria!for!identifying!certain!types!of!hair!cells!derived!in#vitro.!*'Sox2'expression!has!been!shown!to!persist!in!vestibular!and!not!cochlear!hair!cells;!however,!whether!Sox2!is!localized!to!both!or!just!one!type!of!hair!cell!in!the!vestibule!requires!further!investigation!(see!Oesterle!et!al.,!2007).!**!Pax2!restriction!to!vestibular!hair!cells!has!only!been!convincingly!shown!in!chicken!inner!ears,!so!these!results!should!be!confirmed!in!the!mouse!system!(see!Warchol!and!Richardson,!2009).'''' '
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inner!hair!cells!(Kros!et!al.,!1998;!Marcotti,!2012).!Additionally,!voltageLgated!calcium!or!ligandLgated!(e.g.!ATP!or!acetylcholine)!conductance!may!be!present!in!stem!cellLderived!hair!cells!(A!J!Hudspeth,!1988;!Bao!et!al.,!2003;!Géléoc!et!al.,!2004;!Tritsch!and!Bergles,!2010;!Tritsch!et!al.,!2010).!The!ultimate!validation!of!functional!hair!cells!will!rest!on!the!presence!of!robust!transduction!currents!upon!mechanical!stimulation!of!the!stereocilia!bundles!(Gillespie!and!Müller,!2009;!Oshima!et!al.,!2010).!The!biophysical!properties!of!mechanotransduction!and!adaptation!may!also!help!distinguish!vestibular!versus!cochlear!hair!cells.'
Inner#ear#neurogenesis##There!are!two!general!types!of!inner!ear!sensory!neurons:!the!vestibular!ganglion!neurons!(VGNs)!and!spiral!ganglion!neurons!(SGNs).!These!glutamatergic!bipolar!neurons!act!as!the!primary!relay!between!the!vestibular!organs!or!cochlea,!and!the!CNS.!Both!neuronal!types!are!derived!from!the!same!pool!of!otic!progenitor!cells,!which!delaminate!from!the!otic!vesicle!at!around!E9.5!in!mice.!In!recent!years,!mouse!genetic!studies!have!revealed!much!about!how!these!two!populations!of!neurons!emerge!from!this!progenitor!pool!and!make!stereotyped!connections!with!hair!cells!(for!an!comprehensive!review!see!(Appler!and!Goodrich,!2011).!I!will!attempt!to!summarize!this!work!and!highlight!key!features!of!inner!ear!neurogenesis!that!can!be!used!to!generate!inner!ear!neurons!from!PS!cells.!Importantly,!degeneration!or!inflammation!of!the!vestibular!and!spiral!ganglia!is!associated!with!balance!deficits!and!hearing!loss,!respectively.!This!has!led!many!to!postulate!that!transplantation!of!stem!cellLderived!inner!ear!neurons!may!be!a!
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viable!treatment!option.!The!first!step!towards!this!goal,!however,!will!be!to!successfully!recapitulate!inner!ear!neurogenesis!in#vitro.!!The!gene!regulator!networks!governing!delamination!of!neuroblasts!from!the!otic!vesicle!and!their!specification!into!SGN!and!VGN!neurons!have!been!elucidated!in!recent!years.!Around!E8.5,!transient!expression!of!Ngn1!occurs!in!cells!destined!to!become!inner!ear!neurons!within!the!prosensory!domain!of!the!otic!vesicle!epithelium.!Ngn1!protein!acts!as!a!transcription!factor!promoting!the!expression!of!genes!involved!in!inner!ear!neurogenesis,!such!as!NeuroD,!GATA3,!
Islet1!and!Pou4f1!(Fritzsch,!2003;!Fritzsch!et!al.,!2010;!Hanna!et!al.,!2010;!Ma!et!al.,!2000;!McCarroll!et!al.,!2012;!Raft!et!al.,!2007).!Shortly!following!the!onset!of!Ngn1!expression,!inner!ear!neuroblasts!begin!to!delaminate!into!cochleovestibular!ganglion!(CVG)!precursors!(Fariñas!et!al.,!2001;!Yang!et!al.,!2011).!Within!the!otic!vesicle!epithelium,!lateral!inhibition!via!the!Notch!signaling!pathway!has!been!implicated!in!neuroblast!delamination!(Daudet!et!al.,!2007).!Additionally,!IGF!and!Shh!signaling!appear!to!contribute!to!neuroblast!proliferation!and!survival!(Aburto!et!al.,!2012;!Bok!et!al.,!2007).!!The!next!step!in!otic!neurogenesis!is!the!division!of!the!neuroblast!pool!into!SGNs!and!VGNs.!A!recent!study!by!Appler!and!coworkers!elucidated!the!role!of!GATA3!in!the!SGN!and!VGN!cell!fate!decision.!In!conditional!GATA3!knockout!mice,!neuroblasts!delaminate!from!the!otic!vesicle;!however,!the!SGN!identity!and!neurite!outgrowth!was!disrupted!(Appler!et!al.,!2013).!They!found!that!loss!of!GATA3!decreased!expression!of!the!SGN!associated!gene!Mafb!and!increased!expression!of!the!VGN!associated!genes!Onecut1!and!Pcdh19.!Thus,!these!results!provide!insight!
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into!the!crossLinhibitory!mechanism!that!likely!underlies!the!SGN!and!VGN!fate!decision.!!Development!of!VGNs!and!SGNs!is!of!course!only!one!part!of!the!puzzle;!the!guidance!of!axons!from!these!cells!to!the!appropriate!locations!is!integral!to!proper!inner!ear!development.!While!many!factors!likely!play!a!role!in!the!guidance!of!SGN!the!importance!of!hair!cells!may!be!overstated,!as!axons!are!capable!of!reaching!the!habenula!perforate!in!Atoh1!null!mice!which!that!lack!hair!cells!(Fritzsch!et!al.,!2005;!Hu!et!al.,!2004;!Matsuoka!et!al.,!2006;!2007;!Okano!et!al.,!2005;!Sekiya!et!al.,!2007).!Earlier!works!suggested!that!two!neurotrophins,!BDNF!and!NT3,!may!be!critical!guidance!cues!for!developing!SGNs!to!innervate!their!target!hair!cells!in!the!cochlea.!BDNF!is!expressed!in!hair!cells!in!the!apical!portion!of!the!cochlea!(starting!at!E12.5),!followed!by!a!gradual!shift!towards!the!basal!region!(Hegarty!et!al.,!1997;!Shepherd!et!al.,!2005;!Yang!et!al.,!2011).!In!contrast,!NT3!is!expressed!predominantly!in!hair!cells!in!the!basal!and!middle!turns!of!the!cochlea!followed!by!expression!proceeding!apically.!The!strong!and!complementary!expression!patterns!of!these!neurotrophins!in!hair!cells!at!a!developmental!period!when!SGNs!establish!synaptic!connections!with!hair!cells!led!to!the!speculation!that!BDNF!and!NT3!may!provide!longLrange!guidance!cues!for!SGN!axons!that!express!their!cognate!receptors!trkB!and!trkC.!However,!subsequent!studies!have!revealed!that!these!neurotrophins!function!primarily!as!survival!factors!for!SGNs!(Ernfors!et!al.,!1995;!SilosLSantiago!et!al.,!1997;!Takahashi!and!Yamanaka,!2006;!Yu!et!al.,!2007).!Recent!studies,!however,!started!to!unravel!true!axon!guidance!cues!for!developing!SGNs.!Most!notable!of!all!are!the!axon!repellant!molecules!EphrinLA5!and!EphA4.!EphrinL
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A5!is!expressed!in!outer!hair!cells,!whilst!EphA4!is!expressed!in!type!I!SGNs.!Defourny!et!al.!(2013)!elegantly!demonstrated!that!EphA4Lexpressing!type!I!SGNs!are!repelled!by!EphrinLA5!in!outer!hair!cells,!therefore!unable!to!enter!the!outer!hair!cell!region,!resulting!in!making!synaptic!connections!solely!with!inner!hair!cells!that!do!not!express!EphrinLA5.!!
Derivation#of#inner#ear#sensory#neurons#from#PS#cells##To!date,!no!group!has!successfully!guided!PS!cells!to!a!definitive!SGN!or!VGN!fate!in#vitro.!Nevertheless,!several!attempts!have!been!made!toward!this!goal!using!guided!differentiation!as!well!as!genetic!engineering.!For!example,!our!group!has!shown!that!Shh!activity!promotes!transdifferentiation!of!mesenchymal!stem!cells!into!Gata3!positive!glutamatergic!neurons,!whereas!Wnt!activity!promotes!transdifferentiation!into!Tlx3#positive!glutamatergic!neurons!(Kondo!et!al.,!2005;!2011).!Alternatively,!overexpression!of!Tlx3!in!PS!cells!led!to!preferential!differentiation!of!glutamatergic!neurons!(Kondo!et!al.,!2008).!However,!the!otic!identity!and!functionality!of!these!neurons!needs!further!investigation.!In!another!study,!Reyes!and!colleagues!found!that!forced!expression!of!Ngn1!in!differentiating!PS!cells!promoted!development!of!oticLlike!neurons,!but!since!Ngn1!is!essential!for!induction!of!many!neuron!types!in!the!CNS!and!PNS,!whether!the!derived!neurons!are!authentic!otic!neurons!is!still!unclear!(Reyes!et!al.,!2008;!Young,!2011).!More!recently,!Chen!et!al.!provided!evidence!that!human!PS!cellLderived!oticLlike!progenitors!could!differentiate!into!functional!oticLlike!neurons.!These!neurons!were!characterized!as!sensory!neurons!by!the!presence!of!Brn3a,!Neurofilament!!
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!!!
!
Figure'6:'Gene'expression'profile'of'developing'SGNs.'Each!circle!contains!genes!that!were!shown!to!be!upregulated!in!SGNs!compared!to!VGNs!at!each!step!of!SGN!development!by!Lu!and!colleagues!(2011).!This!profile!may!be!used!to!authenticate!SGNs!derived!from!PS!cells.!!
'
' '
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(Nefl)!and!TuJ1,!which!defines!a!fairly!broad!subset!of!sensory!neurons!(Chen!et!al.,!2012).!Thus,!more!work!is!needed!to!fully!recapitulate!and!characterize!inner!ear!neurogenesis!from!PS!cells.!!A!particularly!difficult!challenge!confronting!researchers!trying!to!produce!inner!ear!neurons!from!PS!cells!is!identifying!neurons!produced!in#vitro!as!authentically!otic.!As!it!stands,!SGNs!and!VGNs!share!many!common!traits!with!other!sensory!neurons.!Therefore,!as!with!the!derivation!of!otic!progenitors!and!hair!cells,!the!derivation!of!authentic!inner!ear!neurons!will!need!to!be!carefully!documented!to!show!that!each!developmental!step!leading!up!to!neurogenesis!occurs.!Beyond!the!neurogenic!event,!thorough!gene!and!protein!expression!data!will!be!critical!to!determining!which!neuronal!subtypes!are!formed!and!what!level!of!maturity!they!acquire.!Recent!work!by!Lu!and!colleagues!has!taken!great!strides!toward!outlining!a!gene!expression!profile!of!developing!SGNs!and!VGNs!(Appler!and!Goodrich,!2011;!Lu!et!al.,!2011).!By!meticulously!microdissecting!SGN!and!VGN!tissues!and!performing!microarrays!at!various!stages!of!development,!the!researchers!were!able!to!obtain!a!temporal!gene!expression!profile.!This!dataset!is!freely!available!and!should!provide!a!guide!for!stem!cell!researchers!attempting!to!define!inner!ear!neurons!derived!in#vitro.!Figure!6!highlights!several!genes!revealed!by!Lu!et!al.!to!be!specifically!upregulated!in!SGNs.!!!PROSPECTS!FOR!CLINICAL!TRANSLATION!Accumulating!evidence!has!shown!that!PS!cells!can!give!rise!in#vitro!to!cells!with!phenotypic!and!functional!properties!comparable!to!native!mechanosensitive!
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hair!cells!and,!potentially,!sensory!neurons!of!the!inner!ear.!Can!these!technical!advances!be!translated!and!used!to!replace!damaged!sensory!cells!in!the!inner!ear!in#
vivo?!The!inaccessibility!and!delicacy!of!the!inner!ear!structure!present!major!challenges!for!clinical!applications!of!cellLbased!therapy.!The!current!consensus!in!the!field!is!that!replacing!SGNs!in!the!cochlea!would!be!more!feasible!than!replacing!mechanosensitive!hair!cells!(Brigande!and!Heller,!2009;!Shi!and!Edge,!2013).!Developing!a!method!to!deliver!stem!cellLderived!hair!cells!to!the!organ!of!Corti!and!stimulate!their!integration!into!the!epithelium!is!a!significant!challenge.!In!contrast,!surgical!approaches!for!delivering!sensory!neurons!to!the!modiolus!of!cochlea!have!already!been!established.!Though!the!complete!replacement!of!the!cochlear!implant!may!someday!happen,!currently!the!primary!utility!of!stem!cells!appears!to!be!their!potential!ability!to!modulate!and!improve!the!efficacy!of!cochlear!implants!by!replacing!lost!SGNs.!There!are!several!reasons!why!this!makes!sense.!The!most!obvious!reason!to!combine!the!two!modalities!is!that!the!inner!ear!is!already!accessed!during!a!cochlear!implantation!surgery,!and!with!some!minor!tweaking!stem!cellLderived!cells!could!also!be!implanted!with!the!hope!of!an!added!benefit!to!hearing!following!the!procedure.!Survival!of!SGNs!and!the!efficacy!of!the!growth!of!their!axonal!processes!could!be!enhanced!from!electrical!signals!emitted!from!the!electrodes!of!the!implant,!providing!an!additional!benefit!beyond!that!stem!cells!would!otherwise!have!been!capable!of!if!implanted!alone!(Hegarty!et!al.,!1997;!Shepherd!et!al.,!2005).!Additionally,!the!outgrowth!of!axonal!processes!can!be!further!enhanced!by!coating!the!array!with!neurotrophins!to!maximize!its!ability!to!attract!the!newly!implanted!
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cells!(Evans!et!al.,!2009;!GonzalezLCordero!et!al.,!2013;!Stern,!2005).!While!there!are!no!current!in#vivo#studies!examining!electrode!arrays!and!the!influence!of!stem!cell!engraftment!and!neuronal!outgrowth,!the!development!of!cochlear!implants!for!use!in!animal!models!will!allow!these!theories!to!be!tested!and!techniques!further!refined!(Millard!and!Shepherd,!2007).!!
Stem#cell#transplantation#in#animal#models#of#auditory#neuropathy##Animals!bearing!selective!loss!of!SGNs!are!desirable!models!to!study!the!outcome!of!stem!cell!transplantation!in#vivo.!Since!mice!are!not!an!appropriate!animal!model!for!stem!cell!transplantation!studies!due!to!the!small!size!of!the!inner!ear,!using!genetically!manipulated!mice!is!not!an!option.!Schmiedt!and!colleagues!demonstrated!that!the!Na,KLATPase!inhibitor!Ouabain!selectively!damage!SGNs!while!leaving!hair!cells!intact!in!Mongolian!gerbils!(Lang!et!al.,!2005;!Schmiedt!et!al.,!2002).!This!technique!has!been!most!widely!used!to!create!an!animal!model!of!auditory!neuropathy!for!stem!cell!transplantation!studies.!!Seminal!studies!conducted!in!mid!2000s!assessed!whether!undifferentiated!or!preLdifferentiated!PS!cells!could!survive!and!engraft!in!cochlear!tissues!of!host!animals!for!an!extended!period!of!time!(4L14!weeks).!In!most!studies,!gerbils,!guinea!pigs!or!rats!were!chosen!as!transplant!recipient!animals,!whereas!readily!available!mouse!or!human!PS!cells!(embryonic!stem!cells,!neural!stem!cells!or!mesenchymal!stem!cells)!were!used!as!donor!cells!(Hu!et!al.,!2005;!Regala!et!al.,!2005;!Sekiya!et!al.,!2007).!In!these!xenografting!conditions,!transplanted!PS!cells!survived!and!gave!rise!to!cells!expressing!neuronal!proteins.!Interestingly,!a!greater!percentage!of!transplanted!PS!cells!survived!in!the!cochlea!with!selective!loss!of!SGNs!than!the!
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untreated!normal!cochlea,!suggesting!that!the!damaged!cochlea!might!provide!a!more!permissive!environment!for!donor!PS!cells!(Matsuoka!et!al.,!2007).!The!properties!of!the!damage!cochlear!microenvironment!that!support!better!engraftment,!however,!are!unclear!at!this!time.!Injections!of!PS!cells!directly!into!the!modiolus!of!the!spiral!ligament!appears!to!yield!a!significantly!higher!engraftment!than!injections!into!the!scala!tympani!(Corrales!et!al.,!2006;!Matsuoka!et!al.,!2006;!2007).!In!addition,!in#vitro!neural!induction!of!PS!cells!prior!to!transplantation!promotes!engraftment!of!donor!cells!in!the!host!cochlea!and!suppress!aberrant!tumorigenesis!that!has!been!shown!to!be!associated!with!ES!cell!transplantation!(Chen!et!al.,!2012;!Corrales!et!al.,!2006;!Kondo!et!al.,!2011).!Some!of!these!studies!are!largely!descriptive!without!quantitative!data!or!proper!controls,!however!it!is!worth!noting!that!generating!animals!with!loss!of!SGNs!and!injecting!stem!cells!into!the!tiny!cochlear!space!in!animals!require!extremely!difficult!multiple!survival!surgeries.!These!studies!are!very!timeLconsuming!and!can!be!accomplished!only!by!a!very!limited!number!of!skilled!ENT!surgeons!with!knowledge!on!the!anatomy!of!the!animal!inner!ear.!! Despite!the!daunting!technical!challenges,!continued!efforts!to!establish!a!means!to!replace!lost!or!damaged!SGNs!with!PS!cells!recently!had!some!exciting!developments.!One!of!the!most!remarkable!accomplishments!in!the!advancement!of!surgical!techniques!enabled!continued!exposure!of!transplanted!stem!cells!to!biologically!active!molecules!in#situ!in!live!animals!(Kondo!et!al.,!2011).!In!this!study,!gerbils!with!auditory!neuropathy!were!transplanted!with!partially!differentiated!mesenchymal!stem!cells!through!modiolar!injections.!The!animals!were!also!
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subcutaneously!implanted!with!a!miniLosmotic!pump,!which!released!neural!induction!medium!followed!by!Wnt1!into!the!cochlea!at!a!constant!flow!rate!for!4!weeks.!The!extended!supply!of!these!factors!in!stem!cell!transplantation!sites!resulted!in!an!increase!in!the!number!of!engrafted!cells!due!presumably!to!the!effects!of!Wnt1!on!cell!survival.!The!study!also!revealed!the!remarkable!ability!of!mesenchymal!stem!cells!to!migrate!through!the!modiolus!and!reach!the!apical!turn!of!the!cochlea,!where!numerous!donor!cells!were!found!in!areas!surrounding!the!spiral!ganglion.!! Another!recent!breakthrough!in!animal!studies!is!the!first!demonstration!of!recovery!in!the!auditory!threshold!after!stem!cell!transplantation!(Chen!et!al.,!2012),!in!which!Pax2/8Lpositive!human!ESCLderived!cells!were!transplanted!in!the!modiolus!of!ouabainLtreated!gerbils.!Remarkably!these!transplanted!ESCLderived!otic!progenitorLlike!cells,!without!any!differentiation!factors,!appeared!to!migrate!into!the!SG!and!gave!rise!to!bipolar!neurons!extending!their!processes!towards!the!organ!of!Corti.!More!strikingly,!the!thresholds!of!auditory!brain!stem!responses!(ABRs)!in!animals!that!received!stem!cell!transplantation!were!approximately!20!dB!lower!than!sham!control!animals!at!6!weeks!postLtransplantation!onward.!!Another!important!implication!from!the!Chen!et!al.!study!was!that!authentic!SGNs!might!not!be!necessary!to!recover!function.!Any!excitatory!glutamatergic!neurons!could!be!integrated!into!the!auditory!circuit!if!provided!with!the!proper!transplantation!conditions.!Interestingly,!results!from!recent!neural!transplantation!studies!in!the!CNS!seem!to!refute!this!notion!(Kriks!et!al.,!2011;!Ma!et!al.,!2012).!Kirks!and!colleagues!demonstrated!that!proper!specification!of!dopaminergic!neurons!was!
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absolutely!critical!for!the!observed!functional!recovery!in!a!mouse!model!of!Parkinson’s!disease!after!transplantation!into!the!striatum!(Kriks!et!al.,!2011).!This!work!underscores!the!importance!of!authenticity!in!reconstituting!a!particular!neuronal!circuit.!!Whether!the!restored!ABRs!in!the!gerbils!treated!by!Chen!et!al.!actually!signify!restored!audition!in!these!animals!will!be!an!interesting!question!for!future!investigation.!Moreover,!it!will!be!fascinating!to!see!what!bearing!cellular!identity!might!have!on!the!outcome!of!cell!therapy!experiments!in!the!inner!ear.!!
In#vitro#disease#models#! In#vitro#disease!modeling!is!another!clinical!application!for!stem!cellLderived!inner!ear!tissues.!Stem!cellLbased!disease!models!are!a!relatively!new!concept!sparked!by!the!development!of!iPS!cell!technology.!It!is!now!possible!to!derive!iPS!cells!from!patients!with!disorders!or!diseases!with!a!genetic!component.!The!patientLspecific!iPS!cells!can!them!be!differentiated!in!vitro!in!to!the!tissue!types!most!affected!by!the!gene!mutations.!To!date,!iPS!cell!disease!models!have!been!established!for!a!wide!range!of!conditions!including!Alzheimer’s!disease,!Parkinson’s!disease,!Rett!syndrome,!schizophrenia,!familial!dysautonomia,!microcephaly,!and!amyotrophic!lateral!sclerosis!(ALS)!to!name!a!few!(Brennand!et!al.,!2011;!Di!Giorgio!et!al.,!2008;!Dimos!et!al.,!2008;!Dolmetsch!and!Geschwind,!2011;!Kondo!et!al.,!2013;!Lancaster!et!al.,!2013;!Marchetto!et!al.,!2010;!Park!et!al.,!2008;!Sandoe!and!Eggan,!2013).!One!commonality!between!these!models!is!a!wellLcharacterized!differentiation!method!that!produces!a!predictable!number!of!specific!type!of!cells!or!a!population!of!cells!with!predictable!heterogeneity!(Han!et!al.,!2011).!For!instance,!ALS!models!have!taken!advantage!of!wellLestablished!methods!
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for!deriving!motor!neurons!(Dimos!et!al.,!2008;!Sandoe!and!Eggan,!2013).!Another!essential!component!of!disease!modeling!studies!is!the!use!of!clear!endpoint!analysis!(i.e.!neurite!outgrowth,!electrophysiological!recordings,!etc.).!Disease!modeling!is!not!currently!possible!for!genetic!mutations!impacting!cranial!placodes,!including!the!inner!ear,!due!to!the!lack!of!a!wellLcharacterized!derivation!method.!The!ideal!method!would!reproducibly!generate!inner!ear!tissues!that!retain!much!of!the!structural!and!functional!organization!seen!in#vivo.!Comparing!morphology!in!animal!models!is!a!powerful!means!of!determining!the!phenotypic!consequences!of!gene!mutations.!For!this!reason,!3D!culture!systems!that!recapitulate!the!morphology!of!in#vivo!cell!populations!may!be!more!appropriate!for!facilitating!similar!analysis!in#vitro.!!Interestingly,!the!3D!culture!system!for!deriving!cerebral!tissue!has!recently!been!shown!to!be!conducive!to!modeling!human!microcephaly!(Lancaster!et!al.,!2013).!A!similar!model!of!inner!ear!development!would!facilitate!investigation!of!genetic!inner!ear!disorders.!!RESEARCH!SUMMARY/QUESTIONS!! Before!the!clinical!potential!of!stem!cell!research!to!alleviate!inner!ear!dysfunction!can!be!fully!realized,!we!first!need!to!establish!a!reproducible!method!to!derive!inner!ear!tissue!in#vitro.!As!I!have!discussed,!efforts!to!derive!inner!ear!tissues!have!been!hampered!by!illLdefined!culture!systems!that!fail!to!faithfully!recapitulate!normal!inner!ear!developmental!mechanisms.!During!embryonic!development,!the!inner!ear!arises!from!two!progenitor!cell!types!known!as!nonneural!and!preplacodal!ectoderm!cells.!Surprisingly,!previous!studies!aimed!at!deriving!inner!ear!cells!from!PS!cells!have!failed!to!emphasize!the!fact!that!the!
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derivation!of!nonneural!and!preplacodal!cells!is!a!critical!first!step!towards!deriving!inner!ear!cells.!To!address!this!unmet!need,!I!stringently!defined!a!differentiation!strategy!to!produce!inner!ear!cells!by!carefully!considering!each!transition!in!cellular!identity;!beginning!with!the!nonneural!and!preplacodal!identities.!While!the!ultimate!goal!of!this!approach!was!to!produce!authentic!SGNs,!my!methods!turned!out!to!be!broadly!applicable!to!the!generation!of!other!inner!ear!tissues!such!as!mechanosensory!hair!cells!and!have!the!potential!to!generate!other!cranial!placode!derived!tissues!(e.g.!trigeminal!neurons,!olfactory!epithelium,!lens,!etc.).#In!the!nearLterm!this!work!will!provide!a!reliable!in#vitro!model!of!inner!ear!development!for!use!in!basic!science!or!disease!modeling!studies.!In!the!longLterm,!the!culture!system!could!be!refined!to!produce!highly!pure!populations!of!sensory!cells!for!transplantation!studies.!Based!on!key!developmental!mechanisms,!I!hypothesized!that!the!temporally!precise!activation!and/or!antagonism!of!the!BMP!and!FGF!signaling!pathways!during!in#vitro#differentiation!of!PS!cells!would!lead!to!the!generation!of!nonneural,!preplacodal!and!inner!ear!cells.!To!test!this!hypothesis,!I!employed!a!combination!of!cell!biology,!molecular!biology!and!electrophysiology!methods!to!investigate!the!following!specific!questions:!!
1.!Can!precisely!timed!activation!of!BMP!signaling!induce!nonneural!cells!in!a!
three;dimensional!mouse!embryonic!stem!cell!culture?!!
#
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2.!Can!subsequent!inhibition!of!BMP!signaling!and!FGF!signaling!activation!
promote!the!induction!of!preplacode;like!cells!from!nonneural!cells?!!
!
3.!If!nonneural!and!preplacodal!induction!are!accurately!reproduced!in!three;
dimensional!culture,!will!inner!ear!tissues!arise!spontaneously!via!self;
organization?!!In!the!subsequent!chapters!of!this!dissertation!I!provide!a!detailed!description!of!the!methods'(Chapter!2)!used!to!address!these!questions!as!well!as!the!results!of!these!experiments!(Chapters'3,'4,!and!5).!Most!of!the!results!presented!herein!are!modified!from!Koehler!et!al.,!Nature!2013!and!a!forthcoming!manuscript!in!preparation!for!publication.!Furthermore,!I!provide!a!general!discussion!(Chapter'6)!to!put!the!findings!in!perspective!with!regard!to!the!current!state!of!stem!cell!and!inner!ear!research.!!
*This'introductory'chapter'was'modified'from'a'forthcoming'book'chapter'in'
the'4th'edition'of'Development'of'Auditory'and'Vestibular'Systems'published'
by'Elsevier*!!Koehler!KR,!Malone!A,!Hashino!E.!Recapitulating!inner!ear!development!with!pluripotent!stem!cells:!biology!and!translation.!Development!of!Auditory!and!Vestibular!Systems!4!edition.!Copyright!Elseiver!2014.!! !
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CHAPTER'2:''MATERIALS'AND'METHODS'
ES#cell#culture#
ES!cells!derived!from!blastocystLstage!embryos!of!R1!mice!were!maintained!in!feederLfree!conditions!using!2iLLIF!medium!as!previously!described!(Hayashi!et!al.,!2011;!Ying!et!al.,!2008).!In!brief,!ES!cells!were!maintained!on!gelatin!and!used!for!experimentation!until!passage!40.!N2B27!Medium!consisted!of!a!1:1!mixture!of!Advanced!DMEM/F12!and!Neurobasal!medium!(Invitrogen)!supplemented!with!1!mM!GlutaMAX!(Invitrogen)!and!1!mM!penicillin/streptomycin!(STEMCELL!Technologies).!2iLLIF!medium!was!made!by!supplementing!N2B27!medium!with!1000!U!ml−1!leukemia!inhibitory!factor!(LIF;!Millipore),!3!µM!CHIR99021!(Stemgent)!and!1!µM!PD0325901!(Santa!Cruz).!
Days!0–3!of!SFEBq!differentiation!were!performed!as!described!with!major!modifications!(Eiraku!et!al.,!2011).!In!brief,!ES!cells!were!dissociated!with!0.25%!trypsinLEDTA,!reLsuspended!in!differentiation!medium!and!plated!100!ml!per!well!(3,000!cells)!on!96Lwell!lowLcellLadhesion!ULbottom!plates!(Lipidure!Coat,!NOF).!Differentiation!medium!was!GLMEM!supplemented!with!1.5%!knockout!serum!replacement!(Invitrogen),!0.1!mM!nonessential!amino!acids,!1!mM!sodium!pyruvate,!1!mM!penicillin/streptomycin!and!1!mM!2Lmercaptoethanol.!On!day!1,!half!of!the!medium!in!each!well!was!exchanged!for!fresh!differentiation!medium!containing!Matrigel!(2%!(v/v)!final!concentration).!On!day!3!of!the!protocol,!BMP4!(10!ng!ml−1)!and!SBL431542!(1!µM)!were!added!to!each!well!at!5×!concentration!in!25!ml!of!fresh!media.!On!days!4–5,!FGF2!(25!ng!ml−1)!and!LDNL193189!(100!nM)!were!added!to!each!well!at!6×!concentration!in!25!ml!of!fresh!media.!The!concentration!of!Matrigel!
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was!maintained!at!2%!(v/v)!throughout!days!1–8.!On!day!8!of!differentiation,!cell!aggregates!were!transferred!to!24Lwell!plates!(Lipidure!Coat,!NOF;!4–8!aggregates!per!well)!in!N2!medium!containing!1%!(v/v)!Matrigel.!N2!medium!contained!Advanced!DMEM/F12,!1×!N2!Supplement,!1!mM!penicillin/streptomycin!or!50!mg!ml−1!Normocin!(Invivogen)!and!1!mM!GlutaMAX.!For!some!experiments!small!molecules!were!added!to!N2!medium!before!plating!the!aggregates.!Half!of!the!medium!was!changed!every!day!during!longLterm!floating!culture!for!up!to!30!days.!
!
Signaling#molecules#and#recombinant#proteins#
The!following!small!molecules!and!recombinant!proteins!were!used:!recombinant!human!BMP4!(10!ng!ml−1;!Stemgent),!human!FGF2!(25!ng!ml−1;!Peprotech),!XAV939!(1!µM;!Santa!Cruz),!SU5402!(10!µM;!BioVision),!SBL431542!(1!µM;!Tocris!Bioscience)!and!LDNL193189!(100!nM;!Stemgent).!Notably,!we!have!obtained!comparable!results!using!concentrations!of!up!to!1!µM!LDNL193189.!
!
Quantitative#PCR#
As!described!previously!(Koehler!et!al.,!2011),!RNA!was!isolated!using!the!RNeasy!Minikit!(Qiagen)!and!treated!with!TURBO!DNase!(Ambion).!SingleLstranded!complementary!DNA!was!synthesized!using!Omniscript!reverse!transcriptase!(Qiagen)!and!OligoLdT!primers.!All!amplicons!had!standardized!sizes!of!100–110!base!pairs.!cDNA!samples!were!amplified!on!an!ABI!PRISM!7900HT!Sequence!Detection!System!(Applied!Biosystems)!using!the!SYBR!Green!PCR!Master!Mix!
!! 44!
(Applied!Biosystems).!For!each!PCR!reaction,!a!mixture!containing!cDNA!template!(5!ng),!Master!Mix,!and!forward!and!reverse!primers!(400!nM!each)!was!treated!with!uracil!NLglycosylase!at!50!°C!for!2!min!before!undergoing!the!following!program:!1!cycle,!95!°C,!10!min;!45!cycles,!95!°C,!15!s,!60!°C,!1!min;!1!cycle,!95!°C,!15!s,!60!°C,!15!s,!95!°C,!15!s;!72!°C,!hold.!Melting!curve!analysis!was!performed!to!confirm!the!authenticity!of!the!PCR!product.!The!mRNA!level!for!each!gene!was!calculated!relative!to!L27!mRNA!expression.!
Primers!used:!Dlx3!forward:!CAGTACGGAGCGTACCGGGA,!reverse:!TGCCGTTCACCATGCGAACC;!Sox1!forward:!AACCAGGATCGGGTCAAG,!reverse:!ATCTCCGAGTTGTGCATCTT;!brachyury!forward:!CACACGGCTGTGAGAGGTACCC,!reverse:!TGTCCGCATAGGTTGGAGAGCTC;!Pax8,!forward:!CGGCGATGCCTCACAACTCG,!reverse:!TGGGCCAAGTCCACAATGCG;!Pax2!forward:!CCCGTTGTGACCGGTCGTGATAT,!reverse:!TGGGTTGCCTGAGAACTCGCTC.!
!
Immunohistochemistry#
Aggregates!were!fixed!with!4%!paraformaldehyde.!The!fixed!specimens!were!cryoprotected!with!a!graded!treatment!of!10,!20!and!30%!sucrose!and!then!embedded!in!tissue!freezing!medium.!Frozen!tissue!blocks!were!sectioned!into!10L!or!12Lmm!cryosections.!For!immunostaining,!a!3%!goat!or!horse!serum!and!0.1%!Triton!XL100!solution!was!used!for!primary!antibody!incubation.!An!Alexa!Fluor!488Lconjugated!antiLmouse!IgG!or!antiLrat!IgG!and!an!Alexa!Fluor!568Lconjugated!antiLrabbit!IgG!(Invitrogen)!were!used!as!secondary!antibodies.!A!DAPI!counterstain!
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was!used!to!visualize!cellular!nuclei!(Vector,!VectaShield).!For!wholeLmount!staining,!aggregates!were!placed!directly!into!blocking!solution!with!1%!Triton!XL100!following!fixation.!For!confocal!imaging!and!threeLdimensional!reconstruction!experiments,!following!secondary!antibody!incubation,!aggregates!were!cleared!using!ScaleA2!solution!for!1L2!days!followed!by!ScaleB4!treatment!for!another!2!days!as!described!previously!(Hama!et!al.,!2011).!Microscopy!was!performed!on!a!Nikon!TE2000!Inverted!Microscope!or!an!Olympus!FV1000LMPE!Confocal/MultiLphoton!Microscope.!ThreeLdimensional!reconstruction!was!performed!using!Voxx!(custom!software!developed!by!Indiana!Center!for!Biological!Microscopy).!
The!following!antibodies!were!used:!antiLELcadherin!(rabbit,!Abcam;!mouse,!BD!Biosciences);!antiLNLcadherin!(mouse,!BD!Bioscience);!antiLSox1!(rabbit,!Cell!Signaling!Technologies);!antiLNanog!(rabbit,!Abcam);!antiLbrachyury!(goat,!Santa!Cruz!Biotechnology);!antiLAP2a!(mouse,!DHSB);!antiLPax8!(rabbit,!Abcam);!antiLPax2!(rabbit,!Invitrogen;!mouse,!Abnova);!antiLSox2!(mouse,!BD!Biosciences);!antiLJag1!(rabbit,!LSBio);!antiLp27kip1!(mouse,!BD!Biosciences);!antiLmyosinVIIa!(rabbit,!Proteus);!antiLacetylatedLaLtubulin!(mouse,!Abcam);!antiLTuj1!(mouse,!Covance);!antiLcalretinin!(Calb2;!mouse,!Millipore);!antiLCaspr1!(mouse,!NeuroMAB);!antiLCaspr2!(mouse,!NeuroMAB);!antiLp63!(mouse,!Santa!Cruz!Biotechnology);!antiLcytokeratin5!(rabbit,!Sigma);!antiLneurofilament!(rabbit,!Millipore);!antiLBrn3a!(mouse,!Millipore);!antiLislet1!(mouse,!DSHB);!antiLsynaptophysin!(rabbit,!Invitrogen);!antiLBrn3c!(mouse,!Santa!Cruz!Biotechnology);!antiLCtbp1!and!antiLCtbp2!(mouse,!BD!Biosciences);!antiLRab3!(mouse,!BD!Biosciences);!antiLSnap25!(mouse,!BD!Biosciences);!antiLPax6!(rabbit,!Abcam);!antiLPax3!(mouse,!DSHB);!antiL
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aPKC!(rabbit,!Santa!Cruz!Biotechnology);!antiLlamininLB1!(rat,!Abcam).!For!most!antibodies,!mouse!embryonic!tissue!sections!were!used!as!positive!controls.!Mouse!embryos!were!dissected!from!time!pregnant!ICR!mice!using!a!protocol!approved!by!the!Institutional!Animal!Care!and!Use!Committee!at!Indiana!University!School!of!Medicine.!The!embryo!fixation!and!processing!procedure!was!identical!to!that!used!for!cell!aggregates.!
The!Alcian!blue!staining!procedure!was!modified!from!a!previously!reported!method!(Jegalian!and!De!Robertis,!1992).!In!brief,!cyrosections!were!incubated!in!Alcian!blue!staining!solution!for!10!min!and!subsequently!deLstained!using!60%!ethanol/40%!acetic!acid!for!20!min.!A!final!eosin!stain!was!performed!for!30!sec.!For!Oil!Red!O!staining,!cryosections!were!kept!in!60%!isopropanol!for!2!min!and!then!placed!in!freshly!prepared!Oil!Red!O!stain!for!5!min!followed!by!a!30!sec!hematoxyline!stain.!
!
Image#analysis#
The!percentage!of!epithelial!cells!expressing!Pax8!and!Ecad!was!established!by!analysing!serial!sections!of!day!6!and!day!8!aggregates.!Data!are!representative!of!6–8!aggregates!from!at!least!3!separate!experiments.!For!analysis!of!each!aggregate,!5!cryosections!were!chosen!at!random!positions!along!the!zLaxis!of!the!aggregate.!Using!Nikon!Elements!or!NIH!ImageJ!software,!the!Ecad+!outer!epithelium!was!outlined!and!cell!counting!of!DAPI!and!Pax8+!nuclei!along!the!length!of!the!epithelium!established!a!percentage!for!each!cryosection.!
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The!apparent!thickness!of!epithelia!was!determined!by!analysing!cryosections!stained!with!Ncad!(control)!or!Ecad!(all!other!conditions)!on!days!3–6.!Data!are!representative!of!6–8!aggregates!from!at!least!3!separate!experiments.!For!each!aggregate,!3!serial!sections!were!analysed.!Five!points!along!the!epithelium!were!randomly!chosen!and!the!thickness!was!measured!using!Nikon!Elements!image!analysis!tools.!
Similarly,!the!number!of!Myo7a+!hair!cells!in!each!day!20!aggregate!was!determined!by!analysing!10!µm!serial!cryosections.!Each!biological!sample!represents!the!average!number!of!hair!cells!counted!in!4–6!cell!aggregates!and!data!are!representative!of!the!average!from!3!separate!experiments!(15!aggregates!total!for!each!condition).!Odd!and!even!numbered!cryosections!were!analysed!separately!and!averaged!to!avoid!double!counting.!The!number!of!vesicles!was!quantified!similarly,!but!every!third!section!was!analysed!to!avoid!double!counting!and!allow!for!analysis!of!3!separate!staining!combinations.!Vesicles!with!a!long!axis!diameter!larger!than!30!mm!were!accounted!for!to!avoid!double!counting.!
Stereocilia!heights!were!determined!by!measuring!the!apparent!length!of!FLactinLlabelled!structures!protruding!from!Myo7a+!hair!cells!on!day!20!and!24.!Likewise,!kinocilium!heights!were!determined!by!measuring!the!apparent!length!of!acetylatedLαLtubulinLlabelled!protrusions!from!Myo7a+!hair!cells.!Regions!of!interest!were!chosen!randomly!for!analysis!and!>100!cells!were!analysed!across!3–5!separate!epithelia.!
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Synapses!were!quantified!by!analysing!day!16,!20!and!24!aggregate!sections!stained!for!synaptophysin!(Syp)!and!Ctbp2!using!a!previously!described!method!(Coate!et!al.,!2012).!Regions!of!interest!were!chosen!randomly!for!analysis!and!>100!cells!were!analysed!across!4–5!separate!epithelia!from!3!separate!experiments.!Confocal!zLstacks!were!taken!of!Ctbp2Lstained!hair!cells.!The!maximumLintensity!projections!were!used!to!count!the!number!of!Ctbp2+!puncta!surrounding!each!hair!cell!nuclei.!
!
Statistical#analysis#
Statistical!significance!was!determined!using!a!Student’s!tLtest!for!comparison!of!two!groups!or!a!oneLway!analysis!of!variance!followed!by!Tukey’s!postLhoc!test!for!multiple!comparisons,!unless!stated!otherwise.!All!data!were!analysed!using!Prism!6!or!Microsoft!Excel!software.!
!
FM1P43#labeling#
The!presence!of!functional!mechanosensitive!channels!was!confirmed!using!a!FM1L43!dye!uptake!assay!similar!to!previous!studies!(Gale!et!al.,!2001;!Hu!and!Corwin,!2007;!Meyers!et!al.,!2003).!Large!lumen!aggregates!(that!is,!>500LµmLlongLaxis!diameter),!identified!by!their!translucency!and!spherical!morphology!relative!to!surrounding!tissue,!were!used!for!these!experiments.!Aggregates!were!incubated!in!DMEMLF12!containing!FM1L43FX!(5!mM;!Invitrogen)!for!1!min!and!then!washed!3×!in!fresh!N2!Medium.!A!faint!cellular!outline!caused!by!autofluorescence!was!used!to!
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identify!potential!hair!cells!in!the!vesicle!wall.!In!N2!Medium,!a!0.25Lmm!tungsten!needle!was!used!to!puncture!each!vesicle!in!an!area!away!from!the!site!of!potential!hair!cells.!The!punctured!vesicles!were!incubated!in!DMEMLF12!containing!FM1L43FX!(5!mM)!for!1!min!with!gentle!rocking!and!then!washed!3×!in!fresh!N2!medium.!Vesicles!were!imaged!to!confirm!dye!uptake!and!immediately!fixed!with!4%!paraformaldehyde.!For!some!experiments,!epithelia!were!fixed!and!incubated!in!PBS!containing!1%!Triton!XL100!and!phalloidin!conjugated!to!Alexa!Fluor!647!(Invitrogen)!to!confirm!the!identity!of!hair!cells.!
!
Electrophysiological#recordings#
On!day!24!of!differentiation,!large!lumen!vesicles!(>500Lµm!diameter)!were!dissected!from!cell!aggregates!following!a!30Lmin!incubation!in!DMEM/F12!containing!dispase!(STEMCELL!Technologies).!Epithelial!regions!containing!hair!cells!were!identified!on!the!basis!of!a!thickened!morphology!relative!to!the!rest!of!the!vesicle!epithelium.!Two!incisions!were!made!using!tungsten!needles!on!the!opposite!side!of!the!vesicle!in!order!to!expose!and!flatten!the!hairLcellLcontaining!epithelium.!The!flattened!epithelium!was!mounted!onto!round!glass!coverslip!and!held!in!position!by!two!wires!glued!to!the!coverslip!using!MDX4L4210!(Corning).!The!coverslip!was!then!placed!in!a!submersionLtype!slice!chamber!mounted!on!the!stage!of!a!Nikon!E600FN!Eclipse!microscope.!Electrophysiological!recordings!were!performed!under!continuous!perfusion!of!oxygenated!artificial!cerebrospinal!fluid!that!contained!the!following!(in!mM):!130!NaCl,!3.5!KCl,!1.1!KH2PO4,!1.3!MgCl2,!2.5!CaCl2,!30!NaHCO3,!10!glucose,!pH!7.4!(320!mOsm!kg−1).!Recording!pipettes!were!
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pulled!from!borosilicate!capillary!glass!(WPI)!with!resistances!ranging!from!2!to!3!MΩ.!Recording!pipettes!were!filled!with!a!potassium!gluconateLbased!recording!solution!that!contained!the!following!(in!mM):!130!KLgluconate,!3!KCl,!3!MgCl2,!5!phosphocreatine,!2!KLATP,!0.2!NaGTP,!10!HEPES,!pH!7.3,!290!mOsm!kg−1.!WholeLcell!access!resistances!were!monitored!throughout!each!experiment!and!ranged!from!5–20!MΩ;!a!change!of!15%!was!deemed!acceptable.!Hair!cells!were!identified!with!a!40×!waterLimmersion!objective!and!differential!interference!contrast.!Only!cells!with!hair!bundles!on!their!apical!surface!were!chosen!for!recording.!Positive!pressure!was!maintained!as!the!recording!pipette!was!lowered!into!the!epithelium.!When!the!recording!pipette!touched!the!membrane,!positive!pressure!was!released!and!tight!seal!was!formed.!Recordings!were!obtained!at!30!°C!using!solution!inline!heater!(Warner!Instruments).!The!cells!were!held!at!−60!mV,!and!data!were!acquired!using!wholeLcell!technique!in!voltageLclamp!mode!using!a!Multiclamp!700B!amplifier!(Molecular!Devices)!coupled!to!a!Digidata!1332A!board!(Molecular!Devices).!The!data!were!analyzed!using!the!pClamp!10.2!(Molecular!Devices).!All!chemicals!were!purchased!from!SigmaLAldrich.!*Electrophysiology'was'performed'in'collaboration'with'Andrei'I.'
Molosh'(experimental'design,'patchTclamp'recordings,'and'data'analysis)'and'
Gerry'S.'Oxford'(experimental'design'and'data'analysis)*!
!
Transmission#electron#microscopy#
Day!24!aggregates!were!fixed!in!2%!paraformaldehyde/2%!glutaraldehyde!in!0.1!M!phosphate!buffer.!After!fixation!the!specimens!were!rinsed!with!phosphate!
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buffered!saline!followed!by!postLfixation!with!1%!osmium!tetroxide.!Thereafter,!the!aggregates!were!dehydrated!through!a!series!of!graded!ethyl!alcohols!and!embedded!in!Embed!812!(Electron!Microscopy!Sciences).!UltraLthin!sections!(70–80!nm)!were!cut,!stained!with!uranyl!acetate!and!viewed!on!a!Tecnai!BioTwin!(FEI)!transmission!electron!microscope!at!80!kV.!Digital!images!were!taken!with!an!Advanced!Microscope!Techniques!coupleLcharged!device!camera.!*TEM'was'
performed'in'collaboration'with'Caroline'Miller'at'the'IUSM'Electron'
Microscopy'Center*!
!
Western#blot#analysis#Cell!aggregates!were!lysed!in!radioimmunoprecipitation!assay!buffer!supplemented!with!a!protease!inhibitor!cocktail!(Roche).!Cell!extracts!were!centrifuged!at!13,000!r.p.m.,!4!°C!for!10!min!to!remove!insoluble!debris!and!chromosomal!DNA.!Proteins!were!separated!by!denaturing!SDS–PAGE!and!transferred!to!PVDF!membranes!(Biorad).!After!blocking,!membranes!were!incubated!with!a!primary!antibody!overnight!at!4!°C.!An!antiLbLactin!(Sigma)!antibody!was!used!for!confirmation!of!equal!loading!of!the!samples.!Blots!were!detected!with!a!horseradish!peroxidaseLconjugated!goat!anti–rabbit!or!rabbit!antiLmouse!antibody!(Invitrogen)!and!visualized!with!the!SuperSignal!West!Pico!or!LFemto!chemiluminescent!detection!system!(Pierce)!and!exposed!to!XLray!film.!*Western'blot'analysis'was'performed'in'collaboration'with'Dharmeshkumar'
Patel*!!
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*This'chapter'is'modified'from'work'previously'published'in'Nature*'Koehler,!K.!R.,!Mikosz,!A.!M.,!Molosh,!A.!I.,!Patel,!D.!&!Hashino,!E.!Generation!of!inner!ear!sensory!epithelia!from!pluripotent!stem!cells!in!3D!culture.!Nature!500,!217–221!(2013).! !
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CHAPTER'3:''INDUCTION'OF'A'NONNEURAL'EPITHELIUM'IN'THREET
DIMENSIONAL'CULTURE'INTRODUCTION!The!inner!ear!contains!specialized!sensory!epithelia!that!detect!head!movements,!gravity!and!sound.!It!is!currently!unclear!how!to!derive!these!sensory!epithelia!from!pluripotent!stem!cells,!a!process!which!will!be!critical!for!modeling!inner!ear!disorders!in#vitro!or!developing!cellLbased!therapies!for!profound!hearing!loss!and!balance!disorders!(BerminghamLMcDonogh!and!Reh,!2011;!Brigande!and!Heller,!2009).!To!date,!attempts!to#derive!inner!ear!mechanosensitive!hair!cells!and!sensory!neurons!have!relied!on!genetic!manipulation!or!coLculture!with!embryonic!inner!ear!tissues!(Chen!et!al.,!2012;!Kondo!et!al.,!2008;!Oshima!et!al.,!2010;!Reyes!et!al.,!2008).!These!efforts!have!resulted!in!inefficient!and!incomplete!phenotypic!conversion!of!stem!cells!into!inner!earLlike!cells.!A!key!insight!lacking!from!these!previous!studies!is!the!importance!of!the!nonneural!and!preplacodal!ectoderm,!two!critical!precursors!during!inner!ear!development!(Groves!and!Fekete,!2011;!LlerasLForero!and!Streit,!2012;!Patthey!and!Gunhaga,!2011;!Pieper!et!al.,!2012;!Schlosser,!2006).!Moreover,!the!optimal!format!of!culture!(e.g.!monolayer!or!floating!culture)!for!inducing!the!inner!earLlike!cells!is!unknown.!!Recent!studies!have!demonstrated!how!organogenesis!of!complex!neural!ectoderm!tissues!such!as!the!cerebral!cortex!and!retina!can!be!faithfully!reconstituted!in#vitro!using!the!SFEBq!method!(Eiraku!et!al.,!2008;!2011;!Nakano!et!al.,!2012).!Culturing!aggregates!in!a!serumLfree!medium!containing!knockout!serum!replacement!promotes!development!of!a!neural!epithelium!via!the!default!pathway!
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of!neural!ectodermal!development.!Modifying!the!signaling!factors!(e.g.!Insulin,!FGF2,!Shh,!RA,!etc.)!presented!to!the!neural!epithelium!can!induce!specific!regions!of!the!forebrain,!midbrain!and!hindbrain.!Until!recently,!developing!neuroepithelia!within!these!cultures!took!the!form!of!dispersed!epithelial!vesicles!embedding!in!unorganized!tissue.!In!a!critical!evolution!of!the!method,!Eiraku!and!colleagues!demonstrated!that!extracellular!matrix!proteins!(e.g.!a!laminin/entactin!complex!or!Matrigel)!could!be!added!to!the!culture!medium!to!promote!the!development!of!a!basement!membrane!on!the!surface!of!the!aggregate.!With!structural!support,!the!entire!surface!layer!of!cells!selfLorganizes!into!a!neural!epithelium!after!5!days!in!culture.!These!aggregates!spontaneously!developed!optic!cups,!which!matured!into!complete!neural!retinas!in!about!18L20!days.!This!work!provided!proofLofLprinciple!for!guiding!the!organogenesis!of!complex!sensory!organs!in#vitro.!! The!aforementioned!studies!were!successful!at!deriving!mature!neural!ectoderm!tissues;!however,!the!cranial!placodes!and!the!inner!ear!are!derived!from!the!nonneural!ectoderm.!Suga!and!coworkers!recently!demonstrated!that!by!increasing!the!size!of!the!aggregate,!a!nonneural!ectoderm!layer!spontaneously!arises!on!the!surface!of!the!cell!aggregates!leaving!a!neural!layer!underneath.!Their!data!suggest!that!an!endogenous!source!of!BMP!signaling!is!likely!mediating!nonneural!induction!in!3D!culture;!however,!the!precise!signaling!mechanisms!are!unclear.!Using!a!sonic!hedgehog!agonist!they!induced!the!development!of!adenohypophyseal!placodes,!vesicles,!and!functional!anterior!pituitary!tissue!from!the!induced!nonneural!epithelium.!These!results!showed!that!cranial!placode!morphogenesis!could!be!recapitulated!in!3D!culture.!Specifically,!placodal!
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invagination!and!vesicle!formation,!two!critical!morphological!steps!in!both!anterior!pituitary!and!inner!ear!development,!were!well!preserved!in!this!culture!system.!!Here!we!report!the!stepLwise!differentiation!of!a!nonneural!epithelia!from!mouse!embryonic!stem!(ES)!cells!in!threeLdimensional!culture!(Eiraku!et!al.,!2011;!Suga!et!al.,!2011).!During!neurulation!in#vivo,!the!definitive!ectoderm!is!subdivided!into!the!neural!ectoderm!and!nonneural!ectoderm,!the!latter!of!which!gives!rise!to!the!inner!ear!(Figure!7).!Since!the!inner!ear!shares!a!common!precursor!with!the!neural!tissues!derived!in!previous!studies,!the!definitive!ectoderm,!we!proposed!that!SFEBq!culture!could!be!redirected!to!generate!inner!ear!epithelia!using!carefully!timed!morphogenetic!cues!(Figure!8).!Drawing!on!previous!3D!culture!studies,!we!attempted!to!garner!more!control!over!the!nonneural!induction!process!by!treating!smaller,!MatrigelLconditioned,!aggregates!with!BMP4.!!
RESULTS!We!identified!a!definitive!ectodermLlike!epithelium!on!day!3!of!SFEBq!culture,!prior!to!expression!of!neuroectodermLassociated!proteins!on!day!5!(Figure!9!and!10).!During!early!embryogenesis,!activation!of!bone!morphogenetic!protein!(BMP)!signaling!is!critical!for!induction!of!the!nonneural!ectoderm!from!the!definitive!ectoderm!epithelium!(Grocott!et!al.,!2012;!Wilson!and!HemmatiLBrivanlou,!1995).!Consistent!with!this!role,!in!aggregates!treated!with!BMP4!(hereafter,!BMP),!the!nonneural!ectoderm!marker!Dlx3!was!upregulated,!while!the!neuroectoderm!marker!Sox1!was!downregulated!(Figure!11).!!!
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'
Figure'7:'Bifurcation'of'the'ectodermal'germ'layer'
The cell fate decision between nonneural ectoderm and neuroectoderm is the critical 
point of departure between central nervous system and inner ear development.!! !
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!
Figure'8:'Nonneural'ectoderm'induction'strategy.'ESC,!embryonic!stem!cells;!de,!definitive!ectoderm;!me,!mesendoderm;!nne,!nonneural!ectoderm.!! !
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!
Figure'9:'Development'of'an'epithelium'on'ES'cell'aggregates.'
aTc,!DIC!images!of!representative!aggregates!on!days!1,!2,!and!3!of!3D!culture.!dTg,!Following!Matrigel!addition!on!day!1,!Laminin!is!incorporated!into!a!basement!membrane!on!the!surface!of!the!aggregate.!An!epithelium!develops!on!the!aggregate!surface!by!day!3.!Scale!bars,!100!µm.!! !
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Figure'10:'Definitive'ectoderm'and'neural'ectoderm'in'3D'culture.'
aTd,!On!day!3!of!SFEBq!differentiation,!a!NanogL!Sox1L!and!Ecad+!epithelium!forms!on!the!outer!surface!of!each!aggregate.!SFEBq!has!been!shown!to!generate!a!nearly!pure!population!of!neuroectodermal!cells!(see!Eiraku!et!al.!2008,!2011!and!Kamiya!et!al.!2011);!therefore,!this!epithelium!may!be!roughly!equivalent!to!embryonic!definitive!ectoderm!because!it!is!inLbetween!a!state!of!pluripotency!(Nanog+)!and!neuroectoderm!(Sox1+!Ncad+;!(Eiraku!et!al.,!2008;!2011;!Kamiya!et!al.,!2011).!No!
unique!markers!of!the!definitive!ectoderm!are!known.!esc,!embryonic!stem!cells;!me,!mesendoderm;!de,!definitive!ectoderm;!nne,!nonneural!ectoderm;!ne,!neuroectoderm;!ppe,!preplacodal!ectoderm;!epi,!epidermis;!otic,!otic!placode;!pc,!pluripotent!cell.!eTh,!By!day!5!of!differentiation,!vehicle!control!(Ctrl)!aggregates!develop!a!Ncad+!Sox1+!epithelium!similar!to!the!neuroectoderm!in#vivo!and!previous!reports!using!SFEBq!culture!(see!Eiraku!et!al.!2008,!2011!and!Kamiya!et!al.!2011).!Scale!bars,!100!µm!(aTc,'eTh),!25!µm!(d).!! !
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Figure'11:'Dlx3'and'Sox1'expression'following'BMP'treatment.''
a,'b,!qPCR!analysis!of!day!5!samples!after!the!addition!of!10!ng!mlL1!BMP!or!a!vehicle!control!to!the!medium!on!day!2,!3!and!4.!The!nonneural!ectoderm!Dlx3#(a)!was!upregulated!in!response!to!BMP4!treatment,!whereas!the!neuroectodermal!marker!
Sox1!(b)!was!downregulated!(n!=!3;!mean!±!s.e.m.).!A!twoLway!ANOVA!with!Bonferroni’s!post!hoc!test!for!multiple!comparisons!was!used!to!determine!significance!(*P#<!0.05,!**P#<!0.01,!***P#<!0.001,!****P#<!0.0001).!No!significant!differences!were!observed!between!control!groups.!! !
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BMPLtreated!aggregates!also!expressed!the!mesendoderm!marker!brachyury,!indicating!the!undesirable!induction!of!mesoderm!or!endoderm!cell!types#(Figure!12;!Bernardo!et!al.,!2011).!By!day!5,!60.8!±!3.9%!of!cells!in!BMPLtreated!aggregates!were!brachyury+!and!the!presumptive!ectodermal!layer!on!the!surface!of!each!aggregate!had!been!disrupted,!prohibiting!further!analysis!(Figure!12).!To!suppress!aberrant!mesendoderm!induction,!we!combined!BMP!treatment!with!the!transforming!growth!factor!β!(TGFβ)!inhibitor!SBL431542!(hereafter,!SB;!Figure!8;!Chambers!et!al.,!2009).!A!combined!treatment!of!SB!and!BMP!(hereafter,!BMP/SB)!on!day!3!completely!abolished!brachyury+!cells!in!the!outerLepithelium,!while!maintaining!mesendoderm!tissue!in!the!inner!layer!of!the!aggregates!(Figure!12;!Bernardo!et!al.,!2011;!Chambers!et!al.,!2009;!Eiraku!et!al.,!2011).!!To!test!whether!BMP/SB!treatment!indeed!induced!nonneural!ectoderm,!we!assessed!the!cellular!composition!of!BMP/SBLtreated!aggregates!by!immunofluorescence!at!differentiation!day!5.!Western!blot!analysis!revealed!that!the!nonneural!ectoderm!marker!AP2!was!only!detectable!in!the!BMP/SBLtreated!samples!(Figure!13).!Remarkably,!AP2!expression!was!found!predominantly!in!the!Ecad+!outerLepithelium,!but!was!absent!in!other!regions!of!treated!aggregates!(Figure!14).!Moreover,!we!identified!an!intermediate!layer!of!each!aggregate!with!Sox1+!and!NLcadherin!(Ncad)+!cells,!indicative!of!the!formation!of!neuroectoderm!(Figure!14).!Importantly,!Ncad!was!not!observed!in!the!AP2+!outerLepithelium!(Figure!14),!demonstrating!a!complete!transformation!of!the!outerLepithelium!into!nonneural!ectoderm!(compare!with!control!day!5!sample!in!Figure!10).!!!
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Figure'12:'Control'of'BMP'induced'mesendoderm'by'TGFβ'inhibition.'
a–c,!Morphology!of!control!(Ctrl),!BMP!and!BMP/SB!aggregates.!DIC,!differential!interference!contrast.!d–f,!Brachyury+!cells!are!less!prevalent!in!BMP/SB!aggregates.!DAPI,!4′,6LdiamidinoL2Lphenylindole.!g,!SB!decreases!the!level!of!brachyury!expression!induced!by!BMP!(n!=!3;!**P!<!0.01;!mean!±!s.e.m.).!h,!Quantification!of!brachyury+!cells!on!day!5!(n!=!3;!*P!<!0.05;!mean!±!s.e.m.).!Scale!bars,!100!µm.!!!!! !
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Figure'13:'AP2'is'only'upregulated'in'BMP/SB'treated'aggregates.'
Western blot analysis reveals that AP2 protein is only detectable in BMP/SB treated 
aggregates beginning on day 4 (i.e. 24 hours after treatment). Consistent with qPCR and 
immunostaining, brachyury is detectable on day 5 in both BMP and BMP/SB treated 
aggregates.!*Western'blot'data'produced'by'Dharmeshkumar'Patel*!!! !
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Figure'14:'Lineage'composition'of'BMP/SB'treated'aggreagates.'
aTd,!BMP/SB!aggregates!contain!an!outer!AP2+!Ecad+!epithelium,!an!interior!Sox1+!Ncad+!cell!layer,!and!a!core!of!Nanog+!cells.!e,!BMP/SB!aggregate!composition!on!day!5.!ne,!neuroectoderm.!Scale!bars,!100!µm.!! !
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In!addition,!the!pluripotency!marker!Nanog!was!restricted!to!cells!at!the!core!of!each!aggregate!(Figure!14).!Altogether,!these!data!strongly!suggest!that!the!outerLepithelium!of!day!5!BMP/SBLtreated!aggregates!represents!nonneural!ectoderm,!which!surrounds!an!interior!layer!containing!a!mixture!of!mesendodermal!and!neuroectodermal!tissues!and!a!central!core!of!uncommitted!pluripotent!cells!(see!Figure!14e!for!an!illustration!of!BMP/SB!aggregates).!In!support!of!this!conclusion,!the!outerLepithelium!of!BMP/SB!samples!grown!for!20!days!without!additional!treatments!developed!into!a!Krt5/p63+!epithelium,!mimicking!the!normal!embryonic!development!of!the!epidermis!from!the!nonneural!ectoderm!(Figure!15).!Altogether,!these!results!show!that!BMP/SB!treatment!is!important!for!in#vitro!nonneural!induction!in!floating!stem!cell!aggregates.!The!later!development!of!epidermal!tissue!denotes!that!stem!cellLderived!nonneural!tissue!has!the!same!potential!as!in#vivo!potential.!Chapter'4'of!this!dissertation'describes!our!investigation!into!whether!epidermal!induction!can!be!suppressed!in!favor!or!a!preplacodal!fate!to!ultimately!produce!inner!ear!tissue.!!
'
*This'chapter'is'a'modified'version'of'work'previously'published'in'Nature'
and'a'manuscript'in'revision*'Koehler,!K.!R.,!Mikosz,!A.!M.,!Molosh,!A.!I.,!Patel,!D.!&!Hashino,!E.!Generation!of!inner!ear!sensory!epithelia!from!pluripotent!stem!cells!in!3D!culture.!Nature!500,!217–221!(2013).! !
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Figure'15:'EpidermisTlike'epithelium'in'BMP/SB'treated'aggregates'after'20'
days'in'culture.'
a,!Following!8!days!of!differentiation!in!96Lwell!plates,!BMP/SB!aggregates!were!washed!with!N2!Medium!and!transferred!to!floating!culture!for!selfLguided!development.!bTe,!A!Krt5+!p63+!epithelium!develops!in!BMP/SB!aggregates!cultured!for!20!days.!These!results!were!confirmed!in!3!separate!experiments.!f,'g,!The!staining!pattern!and!morphology!of!the!Krt5+!epithelium!is!consistent!with!epidermis!on!the!surface!of!E18!mouse!embryos.!h,!The!basal!to!apical!polarity!of!the!epidermis!is!oriented!toward!the!interior!of!the!aggregate.!These!results!are!consistent!with!in#vivo!induction!of!epidermis!from!the!nonneural!ectoderm.!Interestingly,!BMP/SB!treatment!on!day!3!appears!to!be!necessary!and!sufficient!to!initiate!selfLorganized!induction!of!epidermis.!No!Krt5+!p63+!epithelium!was!observed!in!vehicle!treated!aggregates!(data!not!shown).!Scale!bars,!100!µm!(bTc,'f,'
g),!25!µm!(e,'h).!
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CHAPTER'4:''INDUCTION'OF'PREPLACODAL'AND'OTIC'PLACODE'EPITHELIUM'
FROM'THE'NONNEURAL'EPITHELIUM'INTRODUCTION!Having!established!a!nonneural!induction!culture!system!(see!Chapter'3),!we!next!investigated!whether!the!nonneural!epithelia!could!be!steered!toward!a!preplacodal!fate.!As!previously!mentioned,!Suga!et!al.!(2011)!proved!that!adenohypophyseal!placodes!could!be!generated!in!3D!culture;!however,!the!underlying!mechanisms!remained!elusive.!Specifically,!it was unclear from their study, 
whether BMP inhibition was necessary for induction of a preplacodal epithelium prior to 
adenohypophyseal placode induction, which would be consistent with in vivo findings.!Recall!from!Chapter'1!that!the!preplacodal!epithelium!is!a!contiguous!band!of!head!ectoderm!that!arises!from!the!nonneural!ectoderm!at!the!neural!tube!border!and!is!the!precursor!to!all!of!the!cranial!placodes!(Figure!16;!Grocott!et!al.,!2012;!LlerasLForero!and!Streit,!2012).!While!BMP!signaling!is!required!for!induction!of!nonneural!ectoderm,!recent!studies!suggest!that!subsequent!BMP!inhibition!along!with!active!fibroblast!growth!factor!(FGF)!signaling!is!necessary!for!nonneural!cells!to!select!a!preplacodal!over!an!epidermal!fate!(Kwon!and!Riley,!2009;!Kwon!et!al.,!2010;!Pieper!et!al.,!2012).!Thus,!we!hypothesized!that!a!properly!timed!treatment!with!a!BMP!inhibitor!and/or!FGF2!could!promote!the!development!of!a!preplacodal!epithelium!at!the!expense!of!epidermis!in!BMP/SB!treated!aggregates!(Figure!17).!In!mice,!the!preplacode!arises!approximately!24L48!hours!following!nonneural!specification;!therefore,!we!speculated!that!BMP!inhibition!and/or!FGF2!treatment!24L48!hours!!!
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Figure'16:'The'location'and'timing'of'preplacodal'induction'in!vivo.' '
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Figure'17:'In!vitro!preplacodal'induction'strategy.'Once!a!nonneural!fate!is!acquired!a!combination!of!BMP!inhibition!and!FGF!activation!should!steer!a!cell!toward!a!preplacodal!ectoderm!fate.!In!our!culture!model!nonneural!identity!is!signified!by!AP2!expression!on!day!4;!thus,!BMP!inhibition!and!FGF!activation!should!take!place!at!some!point!between!days!4!and!5.!Based!on!the!normal!timing!of!development,!beyond!day!5!(i.e.!>48!hours!after!nonneural!induction)!an!epidermal!cell!fate!may!be!fixed!and!recalcitrant!to!reassignment.!epi,!epidermis;!ppe,!preplacodal!ectoderm.!! !
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after!BMP/SB!treatment!would!be!a!suitable!starting!point!for!experimentation!(Figure!17).!!!!!!!!RESULTS!We!began!treating!BMP/SB!aggregates!with!various!combinations!of!the!specific!BMP!inhibitor,!LDNL193189!(hereafter,!LDN)!and!FGF2!(Figure!17).!We!found!that!BMP/SB!aggregates!treated!with!LDN!on!day!4.5!maintained!expression!of!Dlx3,!which!indicated!that!BMP!inhibition!after!nonneural!ectoderm!induction!does!not!reverse!nonneural!fate!specification!(Figure!18).!In!the!embryo,!the!epithelium!of!the!preplacodal!ectoderm!is!characterized!by!a!thickened!morphology!relative!to!the!surrounding!surface!ectoderm!(Grocott!et!al.,!2012;!LlerasLForero!and!Streit,!2012;!Schlosser,!2006).!Thus,!we!examined!the!thickness!of!epithelia!in!BMP/SBLLDN!samples!and!found!thickened!epithelial!patches!that!were!not!present!in!BMP/SB!epithelia!(Figure!19).!As!observed!in#vivo,!this!morphological!change!appeared!to!be!dependent!on!endogenous!FGFs,!as!inhibition!of!FGF!signaling!by!the!small!molecule!SU5402!abolished!epithelial!thickening!(Figure!20).!Similarly,!a!combined!treatment!of!recombinant!FGF2!and!LDN!(hereafter,!BMP/SBLFGF/LDN)!caused!significant!thickening!of!the!AP2+!epithelium!relative!to!epithelia!in!BMP/SB!treated!aggregates!(Figure!21!and!22).!The!outerLepithelium!of!BMP/SBLFGF/LDN!aggregates!coLexpressed!Gata3+!Six1+!AP2+,!mimicking!the!embryonic!preplacodal!epithelium!(Figure!23).!These!and!the!following!data!strongly!suggest!that!the!outerLepithelium!of!BMP/SBLFGF/LDNLtreated!aggregates!is!representative!of!preplacodal!ectoderm.!!
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Figure'18:'Dlx3!and'Sox1'gene'expression'following'LDN'treatment'on'various'
days.'LDN!treatment!does!not!appear!to!induce!Sox1!expression,!but!suppresses!Dlx3#expression!if!treatment!occurs!on!or!before!day!4!(data!are!representative!of!2!separate!experiments).!!! !
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Figure'19:'Morphological changes occur following BMP/SB-LDN treatment on 
days 5 and 6. 'Note!that!the!apparent!thickness!of!the!outerLepithelium!of!BMP/SBLLDN!aggregates!is!greater!than!BMP/SB!treated!aggregates.!Scale!bars,!100!µm.!! !
!! 73!
!
!
Figure'20:'Outer'epithelial'thickening'following'LDN'treatment'is'FGFT
dependent.'Inhibition!of!FGF!using!SU5402,!abolishes!epithelial!thickening!following!BMP/SBLLDN!treatment!(n!=!9!aggregates,!3!separate!experiments,!***P#<!0.001).!AP2!expression,!however,!is!still!found!in!the!outer!epithelium!following!SU5402!treatment.!Scale!bars,!100!µm!(top!panels)!and!10!µm!(middle!panels).!!! !
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Figure'21:'AP2'expression'in'the'outerTepithelium'of'BMP/SB'and'BMP/SBT
FGF/LDN'treated'aggregates.'
aTc,!On!day!6,!AP2!is!expressed!in!both!BMP/SB!and!BMP/SBLFGF/LDN!samples.!BMP/SBLFGF/LDN!aggregates!are!distinguished!by!a!thickened!epithelium!relative!to!BMP/SB!aggregates.!Scale!bars,!100!µm.!! !
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Figure'22:'OuterTepithelial'thickness'over'time'in'culture.'The!apparent!thicknesses!of!Control,!BMP/SB,!BMP/SBLLDN!and!BMP/SBLFGF/LDN!epithelia!on!days!3L6.!For!comparison,!the!apparent!thickness!of!the!E9.5!otic!vesicle!is!superimposed.!Data!represent!15L20!aggregates!from!3L4!separate!experiments!and!6!otocysts!from!3!embryos!(mean!±!s.e.m.).!A!oneLway!ANOVA!was!used!to!determine!significant!differences!between!groups!(*P#<!0.05,!**P#<!0.01,!***P#<!0.001).!On!day!5,!BMP/SBLFGF/LDN!was!significantly!different!from!all!other!groups.!! !
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Figure'23:'Gata3'and'Six1'expression'in'the'outerTepithelium'of'BMP/SBT
FGF/LDN'treated'aggregates.'
aTc,!Gata3!was!detected!in!the!outer!epithelium!of!BMP/SB!and!BMP/SBLFGF/LDN!treated!aggregates.!d,!The!outerLepithelium!of!BMP/SBLFGF/LDN!aggregates!coLexpressed!AP2!and!Six1.!Scale!bars,!100!µm.!! !
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In!vertebrates,!the!otic!placode!is!derived!from!a!posterior!preplacodal!region!known!as!the!oticLepibranchial!placode!domain!(OEPD;!Figure!24).!The!otic!placode!is!demarcated!from!other!developing!placodes!by!expression!of!the!transcription!factors!Pax8!(Figure!24!and!25;!Ladher!et!al.,!2010).!We!next!examined!whether!the!thickened!preplacodeLlike!epithelium!observed!following!BMP/SBLFGF/LDN!treatment!expressed!OEPD!associated!markers.!Our!qPCR!analysis!revealed!that!Pax8!and!the!oticLspecific!marker!Pax2!were!significantly!upregulated!in!BMP/SBLFGF/LDN!samples!compared!to!other!conditions!(Figure!26).!Pax8#expression!appeared!to!be!dependent!on!the!concentration!of!FGF2!in!the!medium!(Figure!27).#By!day!6,!we!observed!Pax8+!cells!distributed!in!placodeLlike!patches!throughout!the!outer!AP2+!Ecad+!epithelium!of!BMP/SBLFGF/LDN!aggregates!(Figure!28).!Notably,!we!also!observed!a!population!of!Pax8+!TuJ1+!Ncad+!EcadL!cells!in!the!interior!of!each!aggregate,!suggesting!formation!of!midLhindbrain!in!this!region!(Figure!29).!The!percentage!of!Pax8+!Ecad+!epithelium!markedly!increased!between!days!6!and!8!(Figure!30)!and!the!Pax8+!Ecad+!epithelium!bore!a!striking!morphological!resemblance!to!the!developing!otic!placode!(Figure!25).!Pax8!expression!was!only!observed!in!BMP/SBLFGF/LDN!treated!aggregates!that!received!FGF/LDN!treatment!between!days!4!and!5!(Figure!30).!Of!note,!we!did!not!observe!expression!of!Pax3!or!Pax6!in!the!outer!epithelium,!ruling!out!the!development!of!other!cranial!placodes!(Figure!31).!Moreover,!the!population!of!Nanog+!pluripotent!cells!appeared!to!diminish!over!time!in!culture!(Figure!32).!!!!
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Figure'24:'Mechanism'and'location'of'OEPD'induction'in'vivo.'The!oticLepibranchial!placode!domain!(OEPD)!is!approximately!located!in!the!yellow!shaded!region!on!an!E8!mouse!embryo.!The!OEPD!expresses!Pax8!and!ELcadherin.!FGF!signaling!from!the!underlying!mesenchyme!and!neural!tube!are!thought!to!work!synergistically!with!BMP!antagonists!to!induce!the!preplacodal!ectoderm!and!the!OEPD.!ne,!neural!ectoderm;!nc,!neural!crest;!se,!surface!ectoderm.!!! !
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Figure'25:'OEPD'in'an'E8'embryo.'
aTd,!At!E8,!Pax8!and!Ecad!expression!in!the!surface!ectoderm!marks!the!oticLepibranchial!placode!domain!(OEPD).!Pax8!expression!is!also!detected!in!the!midLhindbrain!region!of!the!neuroepithelium!(mhb).!a,!anterior;!p,!posterior.!Scale!bars,!100!(a),!25!(bTd)!µm.!! !
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Figure'26:'Pax8'and'Pax2'gene'expression'on'day'8'of'differentiation.'Relative!Pax8!and!Pax2!mRNA!expression!on!day!8!of!differentiation!(n!=!3–4;!*P!<!0.05,!**P!<!0.01;!mean!±!s.e.m.).!B,!BMP4;!S,!SB413542;!F,!FGF2;!L,!LDN193189.!
' '
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Figure'27:'FGF2'induces'Pax8'gene'expression'in'a'doseTdependent'manner.'qPCR!analysis!shows!that!relative!Pax8!expression!is!dependent!on!FGF!dosage.!FGF!dosages!>25!ng!mlL1!showed!an!upward!trend!in!Pax8#expression,!however,!differences!between!25,!50!and!100!ng!mlL1!were!not!significant!using!a!oneLway!ANOVA!with!Tukey’s!post!hoc!test!for!multiple!comparisons.!25!ng!mlL1!was!chosen!as!the!appropriate!dosage!for!all!subsequent!experimentation!(n!=!4,!*P#<!0.05,!**P#<!0.01,!***P#<!0.001;!mean!±!s.e.m.).!! !
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Figure'28:'Pax8'and'Ecad'expression'in'the'outer'epithelium.'
a,!b,!Representative!images!of!Pax8'and'ELcadherin!(Ecad)!expression!in!(a)!BMP/SB!aggregates!and!(b)!BMP/SBLFGF/LDN!aggregates!on!days!6.!Scale!bars,!100!µm.!! !
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Figure'29:'HindbrainTlike'neural'induction'in'BMP/SBTFGF/LDN'treated'
aggregates.'
a,'b,!An!interior!layer!of!Pax8!and!Sox1+!Ncad+!cells!develops!in!BMP/SBLFGF/LDN!aggregates.!This!expression!pattern!is!consistent!with!developing!midLhindbrain!tissue.!βIIILtubulin!(Tuj1;!shown)+!neurons!developed!within!this!region,!confirming!a!neural!identity.!Scale!bars,!100!µm.!!! !
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Figure'30:'Sufficiency'and'proper'timing'of'FGF/LDN'treatment'for'Pax8'
induction.'
aTd,!Representative!immunostaining!for!Pax8!and!Ecad!on!day!8!of!differentiation.!For!BMP/SBLLDN!treated!aggregates!arrows!identify!the!patches!of!Pax8+!Ecad+!cells.!We!conclude!from!these!results!that!the!combined!treatment!of!FGF/LDN!or,!potentially,!LDN!combined!with!endogenous!FGFs!is!sufficient!to!induce!Pax8+!Ecad+!epithelium.!e,!Percentage!of!Ecad+!epithelium!expressing!Pax8!on!day!6!and!8!(n!=!9!aggregates,!3!separate!experiments,!****P#<!0.0001,!mean!±!s.e.m.).!For!these!experiments!FGF/LDN!treatment!was!performed!on!day!4.5.!ns,!not!significant.!Scale!bars,!100!µm.!!!
f,!FGF/LDN!treatment!only!generated!Pax8+!Ecad+!epithelium!following!treatment!on!days!4L5.!FGF/LDN!treatment!after!d5!did!not!result!in!epithelial!thickening!(data!not!shown).!The!graph!shows!quantification!of!the!average!percentage!of!Pax8+!Ecad+!epithelium!on!day!6!(n!=!12!aggregates,!4!separate!experiments;!mean!±!s.d.).!! !
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Figure'31:'Absence'of'other'cranial'placode'markers.'
a,!In!the!preplacodal!region!of!the!embryo,!Pax6!expression!delineates!the!anterior!placodes!(i.e.!the!adenohypophyseal,!olfactory!and!lens!placodes),!whereas!Pax3!is!expressed!in!the!trigeminal!placode.!b,!c,!Pax6!is!not!expressed!in!day!8!BMP/SBLFGF/LDN!treated!aggregates.!d,!e,!Pax3!is!expressed!in!Pax8+!cells!located!in!the!interior!layer,!however,!no!Pax3!expression!was!observed!in!the!outerLepithelium.!Scale!bars,!100!µm.! !
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Figure'32:'Loss'of'pluripotent'cells'over'time'in'BMP/SBTFGF/LDN'treated'
aggregates.'
aTc,!Representative!images!showing!that!the!population!of!Nanog+!(i.e.!presumptive!pluripotent!cells)!diminishes!over!time!in!culture—days!6,!7,!and!8.!Scale!bars,!100!µm.! !
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Taken!together,!these!findings!show!that!FGF/LDN!treatment!is!critically!important!for!OEPD!induction!and!that!treatment!is!most!effective!when!performed!between!days!4!and!5!in!our!model!system.!The!increased!relative!expression!of!Pax2!also!suggests!that!otic!placode!development!may!take!place!following!BMP/SBLFGF/LDN!treatment.!Chapter'5'of!this!dissertation'describes!our!investigation!into!whether!an!otic!placodeLlike!epithelium!can!be!generated!from!the!putative!OPED!epithelium.!!!
*This'chapter'was'modified'from'work'previously'published'in'Nature'and'a'
manuscript'in'revision*'Koehler,!K.!R.,!Mikosz,!A.!M.,!Molosh,!A.!I.,!Patel,!D.!&!Hashino,!E.!Generation!of!inner!ear!sensory!epithelia!from!pluripotent!stem!cells!in!3D!culture.!Nature!500,!217–221!(2013).! !
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CHAPTER'5:'SELFTORGANIZED'FORMATION'OF'INNER'EAR'TISSUE:''SENSORY'
NEURONS'AND'HAIR'CELLS'''INTRODUCTION!The!proper!development!of!organs!requires!the!synchronized!organization!and!coordinated!differentiation!of!large!cell!populations.!To!date,!a!full!appreciation!of!the!chemical!and!mechanical!signaling!methods!that!govern!cellular!behaviors!and!cell!fate!decisions!remains!elusive.!Nonetheless,!culturing!ES!cells!as!a!floating!cell!aggregate!in!3D!culture!has!emerged!as!an!effective!method!to!generate!complex!organs!in#vitro;!thus,!a!complete!knowledge!of!the!underlying!mechanisms!is!not!necessary!to!recreate!organogenesis!in#vitro#(Sasai,!2013a;!Sasai!et!al.,!2012).!Presently,!mouse!and!human!cortical!tissue,!neural!retina,!intestinal!epithelia,!liver!buds,!spermatozoa,!and!anterior!pituitary!gland!tissue!have!been!generated!in!3D!culture!from!PS!cells!(Eiraku!and!Sasai,!2012;!Eiraku!et!al.,!2008;!2011;!GonzalezLCordero!et!al.,!2013;!Koehler!et!al.,!2013;!McCracken!et!al.,!2011;!Nakano!et!al.,!2012;!Nasu!et!al.,!2012;!Spence!et!al.,!2010;!Suga!et!al.,!2011).!Moreover,!in!a!3D!culture!variant!using!tissue!specific!stem!cells,!the!villi!of!the!small!intestine!and!liver!tissue!can!be!reconstituted!from!a!single!cell!(Huch!et!al.,!2013;!Sato!et!al.,!2009).!A!common!theme!that!unifies!all!of!these!approaches!is!that!the!differentiating!cells!are!granted!the!freedom!to!selfLorganize!into!epithelia.!The!epithelia!typically!assemble!into!larger!structures!that!are!nearly!identical!in!organization!to!the!functional!units!of!in#vivo!organs;!therefore,!the!stem!cellLderived!structures!are!often!denoted!as!‘organoids.’!In!a!2D!culture,!by!contrast,!the!cells!adhere!to!a!culture!plate;!thus,!they!are!restricted!to!conform!to!a!flat!shape.!In!
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essence,!the!3D!environment!allows!cells!to!develop!more!naturally,!as!they!would!in!the!embryo.!!In!Chapters'3'and'4!we!showed!that!by!faithfully!recapitulating!in#vivo!development!with!precise!temporal!control!of!BMP,!TGFβ!and!FGF!signaling,!ES!cell!aggregates!transform!sequentially!into!nonneural,!preplacodal!and!OEPDLlike!epithelia.!During!embryonic!inner!ear!development,!an!otic!placode!arises!and!invaginates!from!within!the!OEPD!to!form!the!otic!vesicle.!We!hypothesized!that!the!OEPDLlike!epithelium!in!BMP/SBLFGF/LDN!aggregates!would!produce!otic!placodes!and!vesicles!if!we!provided!the!proper!culture!environment.!Drawing!on!previous!3D!culture!studies,!we!hypothesized!that!placing!the!OEPDLinduced!aggregates!in!a!minimal!medium!for!an!extended!amount!of!time!(e.g.!5L10!days)!would!initiate!selfLorganized!development!of!otic!tissue.!Remarkably,!vesicles!containing!prosensory!cells!emerge!from!the!presumptive!OPED!epithelium!and!give!rise!to!hair!cells!bearing!stereocilia!bundles!and!a!kinocilium!following!14L20!days!of!culture.!Moreover,!we!demonstrate!how!these!vesicles!are!structurally!and!biochemically!comparable!to!developing!vestibular!end!organs!(i.e.!the!utricle!and!saccule).!Our!data!thus!establish!a!novel!‘inner!ear!organoid’!culture!that!can!be!used!to!gain!deeper!insight!into!inner!ear!development!and!disorder.!!!!RESULTS!The!prosensory!domain!of!the!otic!placode!(otic!vesicle!at!later!stages)!gives!rise!to!the!vestibular/cochlear!sensory!epithelia!and!inner!ear!sensory!neurons.!To!initially!assess!whether!otic!induction!occurred!in!our!cultures!we!looked!for!a!!
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Figure'33:'Markers'that'identify'otic'vesicle'in'the'embryo.'
aTk,!The!wellLestablished!otic!markers!Pax2!and!Pax8!are!not!unique!to!the!inner!ear!during!development.!On!E9.5!Pax2!and!Pax8!expression!coLlocalizes!in!the!optic!stalk,!midLhindbrain!and!kidney!as!well!as!the!otic!vesicle.!We!found!that!the!combination!of!Pax2,!Pax8!and!Ecad!provides!a!unique!signature!of!otic!placode!or!vesicle!fate.!At!~E9L11,!Pax8!is!expressed!in!the!otic!vesicle,!epibranchial!placodes!(i.e.!geniculate,!petrosal!and!nodose),!optic!stalk,!and!midLhindbrain.!Pax8!and!Ecad!expression!is!restricted!to!the!otic!vesicle!and!epibranchial!placodes.!Pax2,!Pax8!and!Ecad!expression!is!restricted!to!the!otic!vesicle!(d,'h).!a,!anterior;!v,!ventral.!Scale!bars,!100!µm!(b,'c),!25!µm!(dTk).! !
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combination!of!otic!prosensory!markers,!Pax2,!Pax8,!Ecad,!and!Sox2,!seen!during!normal!development!(Figure!33).!On!day!8!of!differentiation,!BMP/SBLFGF/LDN!aggregates!were!transferred!to!a!serumLfree!floating!culture!to!allow!selfLguided!differentiation.!Approximately!24!hours!after!transfer,!the!interior!cell!mass!of!each!aggregate!breached!the!outerLepithelium!and!formed!a!heterogeneous!cell!layer!on!the!exterior!of!the!aggregate!(253!aggregates!analyzed,!4!separate!experiments;!Figure!34).!This!indicates!that!the!outerLepithelium!transitions!to!an!innerLepithelium!lining!the!core!of!each!aggregate.!During!days!9L12!we!observed!the!continuous!invagination!of!vesicles!containing!Pax2/Ecad,!Pax2/8,!and!Sox2/Pax8+!cells!from!the!presumptive!OEPD!epithelium!into!the!exterior!cell!layer!(Figure!35!and!36),!which!resulted!in!~20L28!Pax2/8/Sox2+!vesicles!per!aggregate!(Figure!37).!We!hypothesized!that!endogenous!Wnt!signaling!may!underlie!induction!of!vesicles!bearing!otic!prosensory!markers!in!our!culture!because!Wnt!signaling!is!necessary!for!otic!placode!formation!in#vivo.!Confirming!this!hypothesis,!treatment!of!aggregates!with!the!Wnt!inhibitor!XAV939!from!day!8L10!significantly!decreased!the!number!of!prosensory!vesicles!and,!specifically,!reduced!the!prevalence!of!Pax2+!vesicles!(n=4;!Figure!37).!These!data!indicate!that!endogenous!Wnt!signaling!induces!formation!of!otic!vesicles!from!the!presumptive!otic!placode!using!similar!mechanisms!as!observed!in#vivo.!Interestingly,!the!remaining!innerLepithelium!developed!into!Keratin!5!(Krt5)+!p63+!epidermis!(Figure!38).!The!basal!(p63+)!layer!of!the!innerLepithelium!was!oriented!so!that!the!apical!surface!of!the!epithelium!was!facing!the!interior!of!the!aggregate;!thus,!the!process!of!vesicle!!
!
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Figure'34:'Cellular'reTorganization'in'BMP/SBTFGF/LDN'treated'aggregates.'
aTi,!To!elucidate!the!process!of!cellular!reLorganization!during!days!8L12,!aggregates!were!stained!for!basal!(laminin)!and!apical!(atypical!protein!kinase!C;!aPKC)!polarity!markers!(a,'d,'g).!Note!that!the!basal!surface!of!the!epithelium!remains!oriented!toward!the!outside!of!the!aggregate!as!the!inner!cell!mass!relocates!to!the!out!surface!of!the!aggregate.!Ncad!(a!marker!for!both!neuroectoderm,!mesoderm!and!the!otic!vesicle!in#vivo)!labeled!most!cells!in!the!inner!cell!mass!and!helps!visualize!the!topographical!change!(b,'e,'h)!depicted!in!c,!f!and!l.!FLactin!staining!was!used!to!identify!the!epithelium.!Presumptive!otic!vesicles!(dotted!outline!in!h)!express!Ncad.!j,!Representative!DIC!images!of!aggregates!on!day!12!could!be!
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assessed!for!cellular!reLorganization!based!on!morphology.!Note!the!translucent!epithelium!found!in!all!conditions!except!BMP/SBLFGF/LDN!treated!samples.!(1)!This!translucent!epithelium!is!indicative!of!incomplete!or!partial!reLorganization.!(2)!An!opaque!outer!cell!mass!was!indicative!of!partial!or!complete!reLorganization.!(3)!Fully!reLorganized!aggregates!display!a!hallow!core!that!is!clearly!visible!through!the!aggregate!surface!(images!are!representative!of!~90L95%!of!aggregates!for!each!condition;!4!experiments).!Scale!bars,!250!µm!(j),!100!µm!(aTi).!! !
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Figure'35:'Otic'vesicle'formation'in'BMP/SBTFGF/LDN'treated'aggregates.'
a,!Day!12!BMP/SBLFGF/LDN!aggregate!with!Pax2+!Ecad+!vesicles!(arrowheads).!b–d,!Pax2+!Ecad+!(b),!Pax2+!Pax8+!(c)!and!Ecad+!Sox2+!(d)!vesicles!invaginate!from!the!inner!epithelium!from!days!9–12.!Scale!bars,!100!µm!(a),!50!µm!(b–d).!!! !
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Figure'36:'Prosensory'otic'vesicles'emerge'from'the'epithelium.'
aTf,!Serial!sections!show!coLexpression!of!Pax2,!Pax8,!Ecad,!and!Sox2!in!vesicles,!indicating!an!inner!ear!prosensory!fate.!g,!A!fortuitous!section!of!a!day!12!aggregate!illustrates!the!3!steps!of!vesicle!formation.!The!separation!of!the!vesicles!labeled!3!was!confirmed!by!analyzing!cyrosections!above!and!below!the!section!shown.!Scale!bars,!50!µm!(aTg).!!! !
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'
Figure'37:'Otic'vesicle'formation'is'dependent'on'endogenous'Wnt'signaling.'A!pulse!treatment!with!a!selective!Wnt!inhibitor,!XAV939,!between!days!8L10!decreases!the!number!of!vesicles!expressing!Pax2!and!Ecad,!Pax2!and!Pax8,!and!Pax8!and!Sox2!on!day!12.!(n!=!9!aggregates;!**P!<!0.01,!***P!<!0.001;!mean!±!s.e.m.).!! !
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Figure'38:'Epidermis'arises'under'all'BMP/SB'treated'conditions'and'vesicles'
evaginate'into'mesenchymeTlike'tissue.'
aTe,!Krt5+!p63+!epidermisLlike!epithelium!forms!in!BMP/SBLFGF,!LLDN!and!LFGF/LDN!aggregates.!In!BMP/SBLLDN!and!BMP/SBLFGF/LDN!aggregates!the!Krt5+!p63+!epithelium!lines!the!central!cavity!of!the!aggregate!with!the!apical!surface!oriented!toward!the!interior!of!the!aggregate!(b).!FLactin!staining!with!phalloidin!reveals!that!vesicles!(outlined)!are!located!basal!to!the!p63+!epithelium!(c).!fTl,!Oil!Red!O!and!Alcian!Blue!staining!shows!that!adipocytes!and!chondrocytes!develop!adjacent!to!hair!cellLcontaining!vesicles!in!the!outer!cell!mass.!This!confirms!that!presence!of!mesenchymal!development!in!this!region!of!the!aggregates.!The!development!of!hair!cell!vesicles!surrounded!by!mesodermal!tissue!in!BMP/SBL
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FGF/LDN!aggregates!mimics!the!development!of!the!inner!ear!in!the!head!mesenchyme!(l).!!
m,!One!apparent!discrepancy!between!in#vitro!and!in#vivo!otic!vesicle!formation!is!that!the!otic!placode!invaginates!into!the!body!to!form!the!otic!vesicle!(l,!~E9L9.5)!and,!conversely,!in#vitro!vesicles!evaginate#out!into!the!medium!or!exterior!cell!layer.!From!the!Krt5!and!p63!staining!results,!we!can!see!that!the!basalLtoLapical!polarity!of!the!inner!epithelium!is!oriented!outsideLtoLinside!relative!to!the!surface!of!BMP/SBLFGF/LDN!aggregates!(note!that!a!similar!orientation!was!observed!in!BMP/SB!aggregates;!see!Figure!15).!The!schematic!illustrates!how!vesicles!that!appear!to!evaginate!toward!the!exterior!of!the!aggregate!in#vitro!are,!in!actuality,!invaginating!relative!to!the!polarity!of!the!epithelium.!Staining!for!apical!(aPKC)!and!basal!(laminin)!polarity!markers!(n)!confirms!this!model.!Scale!bars,!250!µm!(a),!100!µm!(cTf,'i),!50!µm!(g,'h,'j,'k)!25!µm!(b,n)! !
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invagination!toward'the!outside!of!the!aggregate!is!consistent!with!the!orientation!of!embryonic!otic!vesicle!invagination!(Figure!38).!!!During!development,!the!prosensory!domain!of!the!otic!vesicle!is!destined!to!become!sensory!epithelia!harboring!Myo7a+!sensory!hair!cells.!Surprisingly,!the!epithelia!of!Sox2+!Jag1+!vesicles!became!Myo7a+!by!day!14,!mimicking!the!diffuse!Myo7a!staining!pattern!in!the!E9.5'otic!vesicle!(Figures!39!and!40).!CyclinD1!was!also!expressed!throughout!the!vesicle!epithelium,!consistent!with!in#vivo!expression!patterns!(Figure!39).!By!day!16,!we!found!that!each!aggregate!contained!15.4!±!4.8!(n!=!12!aggregates)!vesicles!lined!with!Myo7a+!Sox2+!cells!bearing!the!stereotyped!morphology!of!sensory!hair!cells!with!a!large!nuclei!(~8Lµm!diameter)!positioned!basal!to!an!elongated!apical!end!(Figures!40!and!41).!The!Myo7a+!Sox2+!cells!were!organized!in!a!radial!pattern!with!the!apical!end!abutting!a!lumen!of!varying!sizes!(~5–1,100LµmLlongLaxis!diameter;!Figure!40).!Basal!to!each!layer!of!Myo7a+!Sox2+!cells!was!a!tightly!arranged!layer!of!Sox2+!cells!reminiscent!of!supporting!cells!(Figure!40).!Mimicking!the!in#vivo!sensory!epithelia,!hair!cells!and!supporting!cells!could!be!further!distinguished!by!expression!of!Brn3c!(also!known!as!Pou4f3)!and!cyclin!D1,!respectively!(Figure!41!and!42;!Laine!et!al.,!2010).!Due!to!their!strong!resemblance!to!inner!ear!sensory!epithelia!and!compartmentalization!into!discrete!vesicles!we!designated!these!structures!inner!ear!organoids.!Using!wholemount!staining!and!3D!reconstruction,!we!were!able!to!gain!an!appreciation!of!the!structural!organization!of!inner!ear!organoids!(Figure!43).!FLactin!staining!revealed!tight!cell–cell!junctions!along!the!luminal!surface!as!well!as!FLactin+!Espin+!stereocilia!bundles!(Figure!44).!Every!Myo7a+!cell!analyzed!also!had!an!acetylatedL
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αLtubulin+!kinocilium!protruding!from!the!apical!end!into!the!lumen!(Figure!44).!Stereocilia!and!kinocilium!were!not!visible!at!day!16,!but!the!average!height!increased!from!day!20!to!day!24!and!fell!within!the!range!of!heights!recorded!from!an!adult!mouse!utricle!(Figure!44j;!Li!et!al.,!2008).!The!hair!cells!also!appeared!to!be!functional!on!the!basis!of!rapid!uptake!of!FM1L43!dye!and!the!diversity!of!voltageLdependent!currents!(Figure!45!and!46;!Géléoc!et!al.,!2004;!Meyers!et!al.,!2003).!In!all!cells!included!in!this!study!we!observed!outwardly!rectifying!potassium!currents!with!voltageLdependent!activation!kinetics!to!amplitudes!ranging!from!194!pA!to!3,612!pA!with!a!mean!of!1,003!±!527!pA!(n!=!6;!Figure!46).!In!addition,!some!cells!were!distinguished!by!the!presence!of!a!transient!inward!current,!probably!reflecting!calcium!channel!activity!(Figure!46).!By!day!20!each!BMP/SBLFGF/LDN!aggregate!contained!1,552.3!±!83.1!Myo7a+!cells!with!typical!hair!cell!morphology,!in!marked!contrast!to!other!conditions!that!yielded!no!Myo7a+!cells!(~1–2%!of!all!cells!in!the!aggregate;!n!=!12–16!aggregates!per!condition;!Figure!47).!We!conclude!from!these!data!that!the!cytoarchitecture,!cellular!morphology!and!functional!characteristics!observed!in!inner!ear!organoids!are!similar!to!sensory!epithelia!in!the!inner!ear.!!!
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Figure'39:'Jagged1,'Myo7a'and'cyclinD1'expression'mimics'in'vivo'expression.'
aTd,!At!day!14!of!differentiation,!prosensory!vesicles!express!Sox2,!Jag1!and!Myo7a,!mimicking!the!expression!pattern!of!the!E9.5!otic!vesicle.!e,!Prosensory!cells!also!expressed!cyclinD1!(cD1),!but!did!not!express!the!hair!cell!marker!Brn3c.!Scale!bars,!50!µm!(aTe).!!! !
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Figure'40:'Emergence'of'hair'cells'in'stem'cellTderived'otic'vesicles.'
a,'b,!Expression!of!Myo7a!in!the!E9.5!otic!vesicle!(OtV)!(a)!and!day!14!vesicles!(b).!nb,!neuroblasts.!c–e,!Myo7a+!Sox2+!hair!cells!(hc)!with!underlying!Sox2+!supporting!cells!(sc)!on!days!15!(c)!and!16!(d,!e).!Scale!bars,!100!µm!(a),!50!µm!(d),!25!µm!(b,'c,'
e).!!!! !
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Figure'41:'Distinct'supporting'cells'and'hair'cells.'
aTd,!Maturing!prosensory!otic!vesicles!express!Jag1!and!Sox2!in!both!supporting!cells!and!hair!cells,!while!Myo7a!and!Brn3c,!and!cD1!expression!in!confined!to!hair!cells!and!supporting!cells,!respectively.!d,!Schematic!representing!vesicles!with!sensory!epithelia!containing!hair!cells!and!supporting!cells!observed!between!days!14L20.!Scale!bars,!25!µm.!! !
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Figure'42:'Brn3c'and'cylcinD1'expression'in'hair'cells'and'supporting'cells.'
aTf,!Brn3c!and!cyclinD1!(cD1)!delineate!hair!cells!from!supporting!cells!in!d20!epithelia.!Calb2!is!expressed!in!hair!cells.!Data!represent!two!separate!sections!of!a!single!vesicle.!Scale!bars,!25!µm.!! !
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Figure'43:'3D'reconstruction'of'inner'ear'organoids.'
a,'Representative!DIC!image!of!an!aggregate!with!two!protruding!inner!ear!organoids.'b–d,!WholeLmount!immunofluorescence!for!Myo7a!and!Sox2!(b)!and!threeLdimensional!reconstruction!(c,'d)!of!an!organoid!in!a!day!20!BMP/SBLFGF/LDN!aggregate.!Note!that!the!same!organoid!is!represented!in!aTd.!Scale!bars,!250!µm!(a,'b),!50!µm!(c,'d).! !
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Figure'44:'Stereocilia'and'cellTcell'tight'junctions'on'the'apical'surface'of'stem'
cellTderived'sensory'epithelia.''
a,'b,!FLactin!labels!cell–cell!junctions!on!the!luminal!surface!and!stereocilia!bundles.!
c,!Stereocilia!bundles!express!Espin,!characteristic!of!stereocilia!on!authentic!inner!ear!hair!cells.!d,!AcetylatedLαLtubulin!(tubulin)!labels!kinocilium!and!the!cuticular!plate.!e,!Transmission!electron!microscopy!reveals!several!ultrastructural!hallmarks!found!in!stem!cellLderived!hair!cells.!Notably,!a!single!kinocilium!with!basal!body!(f)!was!associated!with!each!bundle!of!stereocilia.!CrossLsections!of!kinocilia!(h)!displayed!the!characteristic!configuration!of!9!microtuble!doublets!surrounding!2!central!microtubules.!g,!Stereocilia!bundle,!kinocilium!(arrow)!and!tight!junctions!(arrowhead)!were!visible!at!the!apical!surface!of!hair!cells.!Also,!stereocilia!have!rootlets!(i)!that!extended!into!the!cell!body.!j,!Distribution!of!stereocilia!and!kinocilium!heights!on!days!20!and!24!compared!to!adult!mouse!utricle,!with!range!indicated!by!grey!boxes!(n!>!100!cells;!±!max/min).!Scale!bars,!25!µm!(aTc),!5!µm!(d)!500!nm!(f,'g,'i),!100!nm!(h).!! !
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Figure'45:'FM1T43'uptake'by'hair'cells.'
aTc,!Inner!ear!organoids!containing!hair!cells!were!identified!by!morphology!as!translucent!cysts!protruding!from!the!side!of!cell!aggregates.!Hair!cells!in!the!epithelium!could!be!identified!through!the!organoid!wall!following!treatment!with!FM1L43FX!for!1!minute.!dTg,!After!puncturing!the!organoid!with!a!0.25!µm!tungsten!needle!and!another!1!minute!incubation,!previously!outlined!hair!cells!became!fluorescent!(f).!Confocal!imaging!of!the!epithelial!sheet!revealed!FM1L43FX!labeled!cells!with!the!same!morphology!as!hair!cells.!The!underlying!supporting!cells!did!not!take!up!the!dye!(g;!sc).!These!results!are!consistent!with!previous!investigations!(see!Meyers!et!al.,!2003)!and!were!confirmed!using!10!vesicles!from!3!different!experiments.!Scale!bars,!250!µm!(b,'e),!25!µm!(c,'f,'g).!!!!! !
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Figure'46:'Functional'analysis'of'stem'cellTderived'hair'cells.'
a,!For!electrophysiological!recording,!organoids!were!dissected!to!flatten!the!sensory!epithelium!(typically!found!in!the!portion!of!the!organoid!abutting!the!aggregate).!b,!The!sensory!epithelium!was!secured!to!a!coverslip!by!two!needles!during!recording.!c,!d,!PostLrecording,!samples!were!fixed!and!stained!for!Myo7a!and!FLactin!(phalloidin)!to!confirm!the!identity!of!hair!cells.!e,!Representative!epithelium!preparation!(inset)!and!hair!cell!during!electrophysiological!recordings.!
f,!Representative!voltage–current!responses!recorded!from!hair!cells.!The!voltage!protocol!is!shown!at!the!top.!g,!Representative!traces!of!complex!current!which!include!the!inward!and!outward!components.!The!voltage!protocol!is!shown!at!the!top.!(g,!right'panel)!Expanded!view!of!transient!inward!current,!which!could!be!calcium!or!a!transient!voltageLgated!sodium!current!observed!in!immature!vestibular!hair!cells!(see!Bao!et!al.,!2003!and!Géléoc!et!al.,!2004).!Outward!current!was!truncated!for!clarity.!Scale!bars,!250!µm!(aTc),!10!µm!(e),!5!µm!(d).!!!!! !
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There!are!four!distinct!populations!of!hair!cells!in!the!mammalian!inner!ear;!type!I!and!type!II!vestibular!and!inner!and!outer!cochlear!hair!cells.!We!wished!to!reveal!which!type!of!hair!cells!populated!the!stemLcellLderived!sensory!epithelia!in!our!culture.!Previous!studies!have!suggested!that!expression!of!Pax2!and!Sox2!may!distinguish!vestibular!from!cochlear!hair!cells!(Oesterle!et!al.,!2007;!Warchol!and!Richardson,!2009).!In!addition,!expression!of!the!calciumLbinding!protein!Calbindin!(Calb2;!also!known!as!Calretinin)!and!Sox2!uniquely!label!type!II!vestibular!hair!cells,!whereas!calyceal!innervation!from!sensory!neurons!identifies!type!I!vestibular!hair!cells!(Figure!48;!Desai!et!al.,!2005;!Lysakowski!et!al.,!2011;!Oesterle!et!al.,!2007).!On!day!20,!nearly!all!stemLcellLderived!hair!cells!were!Sox2+!Pax2+!(n!>!250!hair!cells;!Figure!48).!Moreover,!every!hair!cell!expressed!Calb2,!suggesting!a!uniform!population!of!type!II!vestibular!hair!cells!(Figure!48).!From!a!structural!standpoint,!we!noted!the!presence!of!larger!lumen!organoids!(3.7!±!0.3!per!aggregate,!defined!as!>50LµmLlongLaxis!diameter,!n!=!15!aggregates)!with!regions!of!sensory!(with!hair!cells)!and!nonLsensory!(without!hair!cells)!epithelia!identical!in!organization!to!a!vestibular!end!organ!(Figure!48!and!49).!Intriguingly,!we!also!observed!discrete!populations!of!Calb2+!and!Brn3a+!Tuj1!(also!known!as!Tubb3)+!neurofilament!(Nefl)+!neurons!extended!processes!towards!the!sensory!epithelia!(Figure!50!and!51).!We!were!surprised!to!find!that,!by!day!16,!hair!cells!exhibited!punctate!expression!of!ribeye!(revealed!by!antiLCtpb2!staining)!coLlocalized!with!the!postsynaptic!and!neuronal!markers!Tuj1,!Synaptophysin!(Syp),!Snap25!and!Rab3,!indicating!the!formation!of!ribbon!synapses!with!adjacent!neurons!(Figure!50!and!51).!Notably,!the!average!number!of!Ctbp2+!puncta!!
!! 110!
! !!
!
Figure'47:'Hair'cells'per'aggregate'on'day'20.'
a,!Day!20!aggregate!with!Myo7a+!Sox2+!vesicles.!Epidermis!is!indicated!by!dashed!outline.!b,!Number!of!hair!cells!on!day!20!(n!=!12–16;!mean!±!s.e.m.).!Scale!bars,!250!µm!(a).!! !
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Figure'48:'Vestibular'characteristics'of'inner'ear'organoids.'
a,!Schematic!of!vestibular!end!organs!and!type!I/II!vestibular!hair!cells.!vgn,!vestibular!ganglion!neurons.!b,!c,!Pax2!(b)!and!Calb2!(c)!are!expressed!in!all!Myo7a+!stemLcellLderived!hair!cells!on!day!20.!CyclinD1!(cD1)!is!expressed!in!supporting!cells.!d–g,!The!structural!organization!of!vesicles!with!Calb2+!Myo7a+!hair!cells!mimics!the!E18!mouse!saccule!(sagittal!view)!in#vivo.!nse,!nonsensory!epithelium.!Scale!bars,!50!mm!(d,'f),!25!mm!(b,'c,'e,'g).! !
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Figure'49:'Inner'ear'organoid'expansion'and'vestibularTlike'organization.'
a,!b,!We!tracked!the!development!of!a!vesicle!that!erupted!on!the!surface!of!the!aggregate!unusually!early!at!day!12.!cTe,!The!longLaxis!diameter!of!the!aggregate!grew!to!be!~1100!µm!by!day!22,!which!is!on!the!scale!of!a!typical!adult!mouse!postnatal!day!30!utricle!(see!Li!et!al.!2008!for!comparison).!fTi,'WholeLmount!immunohistochemistry!showed!that!a!“sensory”!region!of!the!vesicle!contained!an!epithelium!with!Sox2+!supporting!cells!and!a!dense!population!of!Myo7a+!Sox2+!hair!cells,!while!a!“nonLsensory”!region!contained!dispersed!clusters!of!sensory!epithelium.!i,!j,!The!regional!organization!and!size!of!the!vesicle!is!comparable!to!the!E18!utricle!(shown!in!k)!and!saccule!(not!shown).!Scale!bars,!250!µm!(a,'eTg),!100!µm!(b,'c,'h),!25!µm!(i,!j).! !
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increased!over!time!in!culture,!suggesting!a!maturation!process!similar!to!inner!ear!hair!cells!(Figure!50!and!51;!Lysakowski!et!al.,!2011).!Together,!these!results!indicate!that!the!inner!ear!organoids!in!our!culture!represent!immature!vestibular!end!organs,!specifically!the!utricle!and/or!saccule.!!!DISCUSSION!In!conclusion,!the!data!presented!in!Chapters'3,'4,'and'5!of!this!dissertation!reveal!how!the!sequential!transformation!of!authentic!nonneural,!preplacodal!and!inner!ear!sensory!epithelia!from!pluripotent!stem!cells!can!be!reconstituted!in#vitro!using!an!approach!that!combines!precisely!timed!treatments!with!a!series!of!signaling!proteins!and!a!defined!3D!culture!system.!Our!findings!highlight!a!binary!mechanism!of!BMP!activation!and!TGFβ!inhibition!underlying!in#vitro!nonneural!ectoderm!induction.!Furthermore,!subsequent!inhibition!of!BMP!signaling!concomitant!with!activation!of!FGF!signaling!are!required!for!preplacodal!induction.!Notably,!the!formation!of!these!precursors!is!sufficient!to!trigger!selfLguided!induction!of!inner!ear!organoids,!in!which!hair!cells!with!structural!and!functional!properties!of!native!mechanosensitive!hair!cells!in!the!inner!ear!spontaneously!arose!in!significant!numbers!(~1,500!hair!cells!per!aggregate).!Moreover,!microenvironmentLderived!signals!essential!for!inner!ear!induction,!primarily!proteins!secreted!from!the!surrounding!hindbrain!and!mesenchyme,!are!well!preserved!in!the!3D!culture!system.!This!new!approach!cannot!only!be!used!as!a!potent!model!system!to!elucidate!the!mechanisms!underlying!inner!ear! !
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Figure'50:'Putative'ribbon'synapses'on'hair'cells.'
a,!Tuj1+!neurons!extending!processes!to!hair!cells.!b,!The!synaptic!protein!Snap25!is!localized!to!the!basal!end!of!hair!cells.!c,!The!postsynaptic!marker!synaptophysin!(Syp)!coLlocalizes!with!Ctbp2!(arrowheads!and!inset).!hcn,!hair!cell!nucleus.!d,!Quantification!of!synapses!on!day!16,!20!and!24!hair!cells!(n!>!100!cells,!*P!<!0.05,!***P!<!0.001;!mean!±!s.d.).!Scale!bars,!50!µm!(a),!10!µm!(b),!5!µm!(c).! !
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Figure'51:'SensoryTlike'neurons'and'putative'synapses.'Clusters!of!Nefl+!Brn3a+!(a)!neurons!were!found!in!day!16!aggregates.!b,!Tuj1+!neuronal!processes!were!observed!extending!toward!Myo7a+!hair!cells!(hc).!c,'Calb2+!neurons!extended!processes!toward!and!made!contact!(arrow)!with!hair!cells.!Calb2!expression!is!associated!with!sensory!neurons!of!the!inner!ear!vestibular!and!auditory!ganglia.!d,!Schematic!of!Type!II!vestibular!hair!cells!highlighting!several!preL!and!postLsynaptic!markers!at!ribbon!synapses.!e,!Tuj1+!neuronal!processes!are!associated!with!Ctbp2+!puncta!in!stem!cellLderived!hair!cells.!Note!that!the!Ctbp2!antibody!labels!ribbon!synapses!and!hair!cell!nuclei!(hcn).!f,!Rab3a+puncta!were!found!on!the!basal!end!of!Myo7a+!hair!cells!and!neuronal!process!(asterisks).!Supporting!cells!(sc)!have!been!labeled!for!orientation!gTi,!Representative!images!showing!the!increase!in!Ctbp2+!puncta!(white!circles)!found!on!hair!cells!over!time!in!culture!(d16,!20!and!24).!Note!that!the!quantification!of!panels!gTi'can!be!found!in!Figure!50d.!Scale!bars,!50!µm!(a),!25!µm!(b,'c),!10!µm!(f),!5!µm!(e,'gTi).!
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development,!but!will!also!provide!an!easily!accessible!and!reproducible!means!of!!!generating!hair!cells!for!in#vitro!disease!modeling,!drug!discovery!or!cellular!therapy!!!experiments.!!!
'
*This'chapter'was'modified'from'work'previously'published'in'Nature'and'a'
manuscript'in'revision*'Koehler,!K.!R.,!Mikosz,!A.!M.,!Molosh,!A.!I.,!Patel,!D.!&!Hashino,!E.!Generation!of!inner!ear!sensory!epithelia!from!pluripotent!stem!cells!in!3D!culture.!Nature!500,!217–221!(2013).! !
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CHAPTER'6:''GENERAL'DISCUSSION'In!the!preceding!chapters!I!delineated!a!novel!3D!ES!cell!culture!system!that!accurately!models!many!aspects!of!inner!ear!develop.!By!leading!the!experimental!elaboration!of!this!system!I!directly!addressed!my!initial!research!questions!and!advanced!our!general!knowledge!of!how!to!guide!organogenesis!in#vitro.#Below!I!will!discuss!some!of!the!key!findings!in!regard!to!my!initial!research!questions:!!!
1.!Can!precisely!timed!activation!of!BMP!signaling!induce!nonneural!cells!in!a!
three;dimensional!mouse!embryonic!stem!cell!culture?!!
# We!found!that!a!combined!BMP4!and!TGFβ!inhibitor!treatment!on!day!3!of!differentiation!produced!an!authentic!nonneural!epithelium!without!producing!an!overabundance!of!mesodermLlike!cells.!Previous!attempts!to!direct!the!development!of!nonneural!cells!via!BMP4!treatment!have!been!plagued!by!the!issue!of!mesoderm!induction,!most!likely!due!to!improper!timing!of!treatment!(Harvey!et!al.,!2010;!Suga!et!al.,!2011).!Recall!that!BMP4!treatment!can!induce!mesoderm!from!ES!cells.!Moreover,!most!previous!attempts!to!derive!nonneural!ectoderm!were!targeted!at!deriving!an!epidermal!monolayer.!Thus,!our!incorporation!of!the!TGFβ!inhibitor!provides!a!novel!and!controlled!approach!to!nonneural!induction!in!3D!culture!(Koehler!et!al.,!2013).!These!findings!are!important!for!future!attempts!to!control!the!in#vitro!development!of!all!nonneural!derivatives—both!organs!(e.g.!the!skin,!cranial!ganglia,!anterior!pituitary!gland,!olfactory!epithelium,!lens!and!inner!ear)!and!miniLorgans!(e.g.!hair!follicles!and!teeth).!Of!note,!miniLorgans!like!hair!follicles!
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and!teeth!require!epitheliaLmesenchyme!interactions!to!initiate!development!(Sasai,!2013b;!Schneider!et!al.,!2009).!A!fortuitous!consequence!of!BMP/SB!treatment!was!the!induction!of!disparate!germ!layers!on!the!outside!(i.e.!the!outerLepithelium)!and!inside!(i.e.!mesodermLlike!cells)!of!the!aggregates.!This!organization!might!make!our!culture!system!ideal!for!studying!miniLorgan!development!in#vitro.!!#!
2.!Can!subsequent!inhibition!of!BMP!signaling!and!FGF!signaling!activation!
promote!the!induction!of!preplacode;like!cells!from!nonneural!cells?''! From!embryo!studies,!we!knew!that!BMP!signaling—although!necessary!for!nonneural!induction—needed!to!be!attenuated!for!preplacodal!induction!(Grocott!et!al.,!2012;!Kwon!et!al.,!2010;!Schlosser,!2006).!By!our!estimation,!24L48!hours!elapses!between!nonneural!and!preplacodal!induction!in!the!mouse!embryo.!Consequently,!we!added!a!BMP!inhibitor,!LDN,!to!the!medium!between!days!4!and!5!of!culture!(i.e.!24L48!hours!after!BMP/SB!treatment).!FGF!signaling,!however,!is!also!important!for!preplacodal!induction.!When!we!performed!a!combined!treatment!of!FGF2!and!LDN!(FGF/LDN),!the!outerLepithelium!developed!a!placodeLlike!morphology!and!expressed!several!marker!genes!of!the!preplacodal!ectoderm.!These!findings!are,!to!my!knowledge,!completely!new!to!the!stem!cell!field!and!highlight!the!need!to!tightly!control!BMP!signaling!to!achieve!preplacodal!induction.!Of!note,!in!a!study!published!concurrently!with!ours,!Leung!and!colleagues!demonstrated!that!BMP!inhibition!was!an!effective!method!to!generate!preplacodal!cells!from!human!ES!cells—validating!our!approach!(Leung!et!al.,!2013).!
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Furthermore,!recent!embryonic!work!has!reiterated!the!importance!of!complete!BMP!inhibition!for!the!induction!of!preplacodal!ectoderm!(Reichert!et!al.,!2013).!!By!contrast,!my!understanding!of!the!role!of!FGF!signaling!in!the!culture!model!remains!less!certain.!For!instance,!is!FGF2!necessary!for!induction!of!a!generic!preplacodal!epithelium!or!is!BMP!inhibition!sufficient?!Perhaps!supplemental!FGF2!is!only!necessary!for!OEPD!and!otic!placode!induction,!but!not!other!placodes.!The!data!presented!in!Figure!20!seem!to!suggest!that!there!is!an!endogenous!source!of!FGFs.!Moreover,!on!day!8!we!occasionally!observed!Pax8+!epithelium!in!BMP/SBLLDN!treated!aggregates!(see!Figure!30).!We!did!not,!however,!directly!investigate!whether!endogenous!FGFs!were!sufficient!for!preplacodal!induction!by!examining!the!potential!of!BMP/SBLLDN!aggregates!to!give!rise!to!other!placodal!tissues!besides!otic!tissue.!We!only!examined!the!affect!of!FGF!inhibition!on!epithelium!thickness.!Although,!BMP/SBLLDN!treated!aggregates!did!not!appear!to!produce!otic!tissue,!it!will!be!interesting!to!see!whether!endogenous!FGFs!are!sufficient!to!generate!other!cranial!placodes!without!additional!FGF2.!Perhaps!the!outerLepithelium!of!BMP/SBLLDN!treated!aggregates!express!markers!for!other!regions!of!the!PPR!(i.e.!Pax6!or!Pax3;!see!Figure!31)!and!can!produce!more!anterior!tissues!such!as!anterior!pituitary!gland,!olfactory!epithelium!and!lens.!Most!critically,!we!did!not!confirm!whether!epibanchial!placodes!developed,!which!also!express!Pax8/Ecad!during!development.!Epibranchial!placodes!can!be!distinguished!from!the!otic!placode!by!expression!of!Sox3!and!Pax2,!respectively.!For!future!characterization!it!will!be!necessary!to!do!more!thorough!immunostaining!with!antibodies!for!Sox3,!Pax2!and!Pax8!to!reveal!epibranchial!development.!!!!
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3.!If!nonneural!and!preplacodal!induction!are!accurately!reproduced!in!three;
dimensional!culture,!will!inner!ear!tissues!arise!spontaneously!via!self;
organization?!!
#We!were!surprised!to!find!patches!of!Pax8+!cells!in!the!outer!epithelium!of!preplacodeLinduced!aggregates—a!sign!of!OEPD!development.!This!level!of!specificity!was!unexpected!because!BMP!inhibition!and!FGF!signaling!are!necessary!for!development!of!the!entire!PPR!not!just!the!OEPD!(Grocott!et!al.,!2012).!One!explanation!may!be!that!FGF2!and!the!insulin!found!in!the!knockout!serum!replacement!have!a!synergistic!caudalizing!effect!on!the!tissue.!For!instance,!FGF2!and!Insulin!were!previously!shown!to!caudalize!brain!tissue!developing!in!3D!culture!(Muguruma!et!al.,!2010).!The!recent!discovery!that!mouse!retinas!can!develop!spontaneously!in!a!minimal!culture!medium!prompted!us!to!place!the!OEPDLinduced!aggregates!in!the!same!medium!to!see!if!OEPD!epithelium!spontaneously!developed!into!otic!vesicles!(Eiraku!et!al.,!2011).!Under!these!conditions,!the!OEPD!epithelium!gave!rise!to!vesicles!containing!Pax2+!Pax8+!Sox2+!and!Jag1+!cells,!a!hallmark!of!prosensory!cells!in!the!embryonic!otic!vesicle.!In!stem!cellLderivation!studies,!the!more!markers!that!can!be!coLlocalized!to!a!given!tissue!or!cell!type!the!more!certain!the!characterization.!Our!ability!to!coLlocalize!four!or!more!marker!proteins!to!an!individual!vesicle!by!analyzing!serial!sections!was!unprecedented!for!the!inner!ear!field!(see!Table!2).!In!previous!attempts!to!derive!inner!prosensory!cells!it!was!impossible!to!coLlocalize!the!expression!of!more!than!
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two!marker!proteins!due!to!the!limitations!of!a!heterogeneous!monolayer!culture!(Chen!et!al.,!2012;!Oshima!et!al.,!2010;!Ouji!et!al.,!2012).!#To!understand!why!otic!vesicles!developed,!we!treated!aggregates!with!a!potent!Wnt!inhibitor!based!on!the!knowledge!that!Wnt!signaling!is!critical!for!otic!vesicle!production!in#vivo.!The!significant!deficit!in!otic!vesicle!production!following!treatment!highlights!the!importance!of!endogenous!Wnt!signaling.!With!no!additional!treatments,!aside!from!medium!changes,!cells!in!the!epithelia!of!otic!vesicles!developed!into!hair!cells!and!supporting!cells.!Remarkably,!the!derived!hair!cells!expressed!Myo7a,!Brn3c,!Calb2,!Sox2,!and!Pax2,!denoting!a!vestibular!Type!II!hair!cell!identity.!The!presence!of!vestibularLlike!stereocilia!bundles!and!kinocilia!corroborated!this!conclusion.!Another!interesting!observation!was!that!the!hair!cells!were!spatially!organized!into!clusters!as!in!the!vestibular!end!organs,!rather!than!in!rows!as!in!the!organ!of!Corti!in!the!cochlea.!For!these!reasons!we!decided!to!designate!the!structures!as!‘inner!ear!organoids.’!Remarkably,!quantitative!analysis!revealed!that!~1500!hair!cells!developed!in!each!cell!aggregate!by!day!20!of!differentiation.!For!perspective,!the!mouse!vestibular!organs!contain!~15,000!hair!cells!combined;!therefore,!~10!aggregates!can!produce!an!amount!of!hair!cells!equivalent!to!one!set!of!vestibular!end!organs.!In!regard!to!percentage!of!the!total!population,!~1500!hair!cells!accounts!for!approximately!1L2%!of!the!cells!in!the!aggregate.!Due!to!differences!in!quantification!methods,!it!is!difficult!to!compare!the!efficiency!of!our!approach!to!previous!methods.!Oshima!et!al.!(2010)!reported!that!~1%!of!cells!in!their!cultures!were!Atoh1LGFP+;!however,!they!did!not!quantify!the!number!of!cells!confirmed!to!be!hair!cells!using!other!markers!(Oshima!et!al.,!2010).!!
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We!also!reported!the!development!of!sensory!neuronLlike!cells!that!developed!in!discrete!groups!alongside!the!organoids.!Neuronal!processes!could!be!seen!extending!toward!hair!cells!and!analysis!of!synaptic!proteins!suggests!the!presence!of!putative!synapses!on!the!basal!end!of!hair!cells.!Punctate!expression!of!Ctbp2!indicated!the!development!of!ribbon!synapses!in!hair!cells.!Moreover,!the!mean!number!of!synapses!found!on!hair!cells!increased!over!time!in!culture.!These!findings!are!remarkable!because!they!mark!the!first!evidence!that!a!peripheral!sensory!circuit!could!be!reconstituted!in#vitro!from!PS!cells.!We!do!not!yet!know,!however,!if!all!of!the!neurons!making!contact!with!hair!cells!are!sensory!neurons.!Moreover,!we!do!not!know!whether!all!or!any!of!the!sensoryLlike!neurons!are!authentic!inner!ear!neurons.!!
How#faithful#is#inner#ear#organoid#development#to#normal#development?#Altogether,!our!findings!provide!significant!insight!into!how!to!derive!inner!ear!tissue!in#vitro!and!in!many!ways!the!system!accurately!models!normal!development.!A!strength!of!our!approach,!versus!previous!attempts!to!derive!inner!ear!cells,!was!our!ability!to!characterize!the!tissue!with!antibodies!for!multiple!proteins!(Table!2).!Thus,!we!were!able!to!definitively!show!the!presence!of!each!cellular!intermediary!leading!to!an!inner!ear!fate.!For!comparison,!Figure!52!contains!an!overview!of!inner!ear!organoid!culture!with!a!timeline!of!in#vivo!and!in#
vitro!development.!!!
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Table!2:!Inner!ear!differentiation!strategies!including!the!current!study!
 
  Cell Type Culture Method Nonneural Preplacodal Otic Progenitor Cell Types   
Year Group Used Used Cells Cells Cells Derived Citation 
2003 Heller mESC  3D/2D, SFMa,  N/A N/A Pax2+ Hair cell-like Li et al., 2003 
   +EGF, +IGF1     cells  
   +FGF2      
2010 Heller mESC 3D/2D, SMb, N/A N/A Pax2/Pax8/ Hair cells-like Oshima et al., 
  miPSC +IGF1, SIS3c, Dkk1    Dlx5+ cells 2010 
   +FGF2,   En1-   
   Chick utricle cell 
co-culture 
     
2012 Rivolta hESC  2D, SFM, N/A N/A Pax8/Sox2+ Hair cell-like  Chen et al.,  
   +FGF3, FGF10   Pax8/FoxG1+ and sensory  2012 
      Pax8/Nestin+ neuron-like  
       cells  
2012 Yoshikawa mESC  3D/2D,  N/A N/A N/A Hair cell-like Ouji et al., 2012 
   Stromal cell    cells  
   Medium      
2013 Hashino mESC  3D, SFM, AP2/E-cad+ Pax8/E-cad/ Pax8/Pax2/ Hair cells Koehler et al.,  
   +BMP4, SBd N-cad- GATA3/Six1/ Sox2/Jag1/ and sensory 2013 
   +FGF2, LDNe  AP2+ Myo7a/Ecad+ neurons  
         
 
a, SFM, serum-free medium; b, SM, serum-containing medium; c, SIS3, selective inhibitor of smad3; d, TGFβ inhibitor, SB-431452; 
e, BMP inhibitor, LDN-193189. !
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Figure'52:'Overview'of'the'inner'ear'organoid'culture'system.'A!comparison!of!the!various!cell!fate!and!morphological!transitions!that!take!place!during!in#vivo!and!in#vitro!inner!ear!development.!The!descriptions!describe!the!developmental!process!being!modeled!and!technical!manipulation!employed.!ESC,!embryonic!stem!cells;!de,!definitive!ectoderm;!nne,!nonneural!ectoderm;!ne,!neural!ectoderm;!me,!mesendoderm;!ppe,!preplacodal!ectoderm;!epi,!epidermis;!oepd,!oticBepibranchial!placode!domain.! !
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One!critical!component!of!our!study!was!the!incorporation!of!1B2%!Matrigel!into!the!serumBfree!medium!used!to!culture!PS!cell!aggregates.!Laminin!and!entactin!proteins!in!the!Matrigel!have!been!shown!to!promote!the!development!of!a!basement!membrane!in!3D!culture,!which!helps!instructing!PS!cells!to!selfBorganize!into!epithelia!(Eiraku!et!al.,!2011;!Fujiwara!et!al.,!2007;!Nasu!et!al.,!2012;!Sato!et!al.,!2009).!In!this!way,!the!cells!in!the!in#vitro!epithelia!share!a!nearly!identical!morphology!to!the!equivalent!cells!developing!in#vivo.!Being!able!to!analyze!the!morphological!changes!was!advantageous!for!optimizing!the!timing!and!concentration!of!each!treatment.!In!future!iterations!of!organoid!culture,!we!may!be!able!to!draw!on!recent!and!future!investigations!into!the!impact!of!the!extracellular!matrix!on!cell!fate!decisions!to!improve!our!control!over!epithelium!development!and!organoid!formation!(Ivanovitch!et!al.,!2013;!Nasu!et!al.,!2012;!Watt!and!Huck,!2013).!!Unlike!previous!inner!ear!derivation!studies,!our!study!was!the!first!to!demonstrate!the!guidance!of!PS!cells!through!each!of!the!epithelial!cell!fates!representing!the!definitive!ectoderm,!nonneural!ectoderm,!preplacodal!ectoderm,!and!otic!placode.!Being!able!to!track!the!precursor!of!each!tissue!based!on!physical!location!makes!this!culture!system!a!powerful!tool!for!investigating!the!underlying!molecular!mechanisms!of!inner!ear!induction.!By!tracking!the!occurrence!of!each!cell!fate,!we!learned!that!developmental!timing!was!well!preserved!in!inner!ear!organoid!culture.!For!example,!we!found!that!the!timescale!on!which!each!cell!type!emerged!during!the!first!7!days!of!in#vitro!differentiation!closely!followed!in#vivo!!
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Figure'53:'The'rate'of'development'in#vivo'and'in#vitro.'This!graph!compares!the!time!that!inner!ear!precursors!and!fully!differentiated!tissues!emerge!in!the!embryo!(green)!and!in!inner!ear!organoid!culture!(red).!Note!that!there!is!a!numerical!difference!of!3.5!days!between!in#vivo!and!in#vitro!timing;!thus,!I!have!adjusted!the!in#vivo!timescale!(green)!based!on!the!assumption!that!developmental!timing!is!fixed.!For!example,!E3.5!is!equivalent!to!undifferentiated!ES!cells!or!day!0!of!the!culture;!therefore,!we!can!subtract!3.5!from!each!known!in#vivo!value!to!arrive!at!a!theoretical!in#vitro!value.!In!other!words,!a!perfectly!conceived!in#
vitro!culture!system!development!will!progress!at!the!same!rate!as!in#vivo!development—the!lines!should!overlap!completely.!In!reality,!the!divergence!of!the!lines!indicates!that!the!rate!of!developmental!timing!is!slower!in#vitro#following!the!development!of!OEPD!(i.e.!Pax8+!Ecad+!epithelium)!tissue.!In!contrast,!definitive,!nonneural!and!preplacodal!ectoderm!induction!in#vitro!follows!a!nearly!identical!timeline!to!in#vivo!development.!Please!note!that!the!values!used!are!approximate!and!indicate!the!earliest!appearance!of!each!tissue!type.!! !
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inner!ear!development!(Figure!53).!Notably,!this!is!the!period!of!the!culture!in!which!we!provided!exogenous!signaling!cues!to!direct!differentiation.!During!the!subsequent!period!of!selfBguided!differentiation!the!temporal!progression!seemed!to!slow!down!relative!to!in#vivo!development!(Figure!53).!The!decline!in!developmental!speed!may!reflect!the!stochastic!nature!of!the!signaling!mechanisms!underlying!the!production!of!otic!prosensory!vesicles!during!the!later!stage!of!the!culture.!In!accordance!with!in#vivo!mechanisms,!we!identified!that!endogenous!Wnt!signaling!is!critical!for!otic!induction!in#vitro;!however,!further!study!is!needed!to!fully!understand!what!triggers!Wnt!signaling!and!how!it!can!be!controlled!to!yield!more!otic!tissue.!For!instance,!we!may!find!that!endogenous!Wnt!signaling!is!suboptimal!and!treatment!with!a!Wnt!agonist!can!induce!more!otic!tissue!earlier!in!the!culture.!!Fascinatingly,!a!subset!of!organoids!grew!to!be!as!large!as!1!mm!in!the!diameter!(~5B10%!of!aggregates!produce!organoids!>500!µm!in!diameter).!In!support!of!our!conclusion!that!these!organoids!are!vestibular!in!nature,!they!strongly!resemble!utricle!cysts!that!have!been!shown!to!develop!when!newborn!rat!utricle!explants!are!cultured!with!Matrigel!(Gaboyard!et!al.,!2005).!Moreover,!each!organoid!epithelium!contained!defined!regions!with!(sensory)!and!without!(nonBsensory)!hair!cells.!A!notable!feature!of!vestibular!end!organs!missing!from!inner!ear!organoids!was!a!layer!of!otoconia!on!the!apical!surface!of!regions!containing!hair!cells.!Moreover,!further!investigation!will!be!needed!to!determine!the!identity!of!the!nonsensory!cells.!We!do!not!yet!know!if!all!nonsensory!cells!are!supporting!cells!(i.e.!Sox2+)!or!if!other!inner!ear!epithelial!cells!develop,!such!as!vestibular!dark!
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cells.!Vestibular!dark!cells!can!be!identified!by!high!expression!of!the!NaBKBCl!coBtransporter!NKCC1!and!the!voltageBgated!potassium!channel!KCNQ1.!In#vivo,!these!cells!are!responsible!for!establishing!and!maintaining!the!elevated!potassium!concentration!in!the!endolymphatic!fluid.!The!composition!of!the!fluid!within!the!organoids!is!unknown!at!this!time,!so!it!will!be!interesting!to!see!if!this!fluid!has!a!similar!ionic!composition!to!the!inner!ear!endolymph.!Our!functional!assessment!of!the!stem!cellBderived!hair!cells!determined!that!they!produced!voltageBdependent!outwardly!rectifying!potassium!currents!and!took!up!FM1B43!dye.!The!uptake!of!FM1B43!dye!has!become!a!general!test!for!presence!of!mechanosensitive!channels!in!the!stereocilia!of!hair!cells!(Meyers!et!al.,!2003).!Notably,!the!FM1B43!assay!has!gained!popularity!as!a!benchmark!for!stem!cell!or!otic!progenitor!derived!hair!cells!(Hu!and!Corwin,!2007;!Ouji!et!al.,!2012;!2013).!Hair!cells!with!compromised!or!underBdeveloped!stereocilia!bundles!will!not!take!up!FM1B43!dye;!thus,!the!assay!is!a!good!measure!of!functional!maturity.!FM1B43!dye!uptake!through!mechanosensory!channels!is!rapid—typically!5B15!seconds.!In!our!assay!we!were!forced!to!use!a!longer!incubation!(1!min)!because!of!the!nature!of!the!tissue.!With!shorter!incubations!we!could!not!be!certain!that!enough!dye!was!diffusing!through!the!puncture!hole!in!the!organoid!wall.!Consequently,!our!method!was!rather!crude!and!unquantifiable.!However,!the!selective!uptake!of!FM1B43!dye!in!hair!cells,!not!supporting!cells,!suggests!that!FM1B43!was!not!entering!the!cells!through!other!mechanisms!(e.g.!endocytosis).!Further!experimentation!could!determine!if!the!kinetics!of!FM1B43!uptake!are!congruent!with!native!hair!cells;!
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perhaps!using!the!flattened!preparation!used!for!electrophysiological!recordings!would!be!more!appropriate!for!this!analysis.!!The!range!of!outward!rectifying!currents!(194!pA!to!3,612!pA)!we!observed!is!consistent!with!values!obtained!from!developing!vestibular!hair!cells!in!the!mouse!utricle.!In!a!2004!study,!Géléoc!and!colleagues!demonstrated!that!outward!potassium!currents!in!vestibular!hair!cells!increased!from!~300!pA!at!E14!to!~4,000!pA!at!E19!using!a!similar!voltageBstep!paradigm!to!one!we!used!(Géléoc!et!al.,!2004).!Thus,!the!average!outward!potassium!currents!can!be!used!as!an!indication!of!functional!maturity.!Since!we!saw!a!range!of!current!responses,!the!average!being!1,003!±!527!pA,!this!may!be!an!indication!that!hair!cells!representing!different!stages!of!maturity!are!present!in!organoids!at!day!24.!Interestingly,!there!are!two!waves!of!hair!cell!production!in!the!mouse!utricle!at!E12!and!E15,!leading!to!a!mosaic!of!more!and!less!mature!hair!cells!(Géléoc!et!al.,!2004).!It!will!be!fascinating!to!see!if!biphasic!hair!cell!production!is!preserved!in!organoid!culture.!Our!functional!analysis!suggests!that!organoid!hair!cells!have!the!potential!to!function!like!native!hair!cells;!however,!we!have!not!definitively!proven!that!they!are!mechanosensitive.!The!gold!standard!for!displaying!mechanosensitivity!is!to!simultaneously!record!currents!from!hair!cells!while!mechanically!stimulating!the!stereocilia!bundles!(Gillespie!and!Müller,!2009).!Due!to!time!and!equipment!restraints!we!were!not!able!to!conduct!these!experiments;!however,!future!studies!will!need!to!incorporate!this!analysis!to!fully!characterize!organoid!hair!cells.!!!!!
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Limitations#of#the#model#system#Heterogeneity!is!both!an!advantage!and!a!limitation!of!our!3D!culture!system.!Unlike!a!monolayer!format,!cells!in!an!aggregate!receive!varying!signaling!cues!depending!on!their!spatial!location!within!the!aggregate!(Sykova!and!Nicholson,!2008;!Van!Winkle!et!al.,!2012).!This!often!leads!to!unsynchronized!differentiation!of!cells!located!at!different!depths!of!the!aggregate;!the!surface!layer!of!cells!differentiates!faster!than!the!core.!In!our!model,!BMP4!signaling!induces!a!nonneural!ectoderm!surface!layer!as!well!as!brachyury+!mesendodermal!cells!in!the!central!core!of!the!aggregate.!BMP4!is!known!to!induce!mesendodermal!cells!from!PS!cells.!Cells!in!the!central!core!express!the!pluripotency!gene!Nanog!through!day!3!of!differentiation;!thus,!BMP4!likely!diffuses!through!the!surface!layer!of!the!aggregates!to!act!on!these!pluripotent!cells.!The!brachyury+!cell!layer!produces!mesenchymeBlike!cells!that!eventually!cover!the!surface!of!the!aggregates!and!give!rise!to!muscle,!cartilage!and!adipose.!Additionally,!a!layer!of!epidermis!lines!the!core!of!each!aggregate.!Consequently,!the!organization!of!the!tissues!is!inverted!compared!to!the!embryo.!In!adult!mice,!an!epidermial!surface!layer,!a!layer!of!adipose,!craniofacial!muscles!and!the!temporal!bone!surround!the!fully!developed!inner!ear.!Although!we!have!never!detected!the!presence!of!bone,!with!further!characterization,!we!may!find!that!inner!ear!organoid!culture!is!a!model!of!the!entire!temporal!region!of!the!head.!Interestingly,!the!presence!of!these!cell!types!does!not!appear!to!encumber,!and!may!play!an!essential!role!in,!otic!induction.!Indeed,!the!periotic!mesenchyme!in#vivo!is!an!integral!component!of!inner!ear!morphogenesis!(Trowe!et!al.,!2010).!Due!to!heterogeneity,!however,!inner!ear!
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organoid!culture!would!benefit!from!the!use!of!fluorescent!reporter!PS!cell!lines!to!help!identify!key!phenotypic!changes.!Specifically,!pluripotent!stem!cells!containing!fluorescently!tagged!marker!genes!for!otic!prosensory!cells,!hair!cells,!supporting!cells!and!inner!ear!neurons!would!be!highly!amenable!to!this!method.!Fluorescent!reporters!would!also!be!important!for!in#toto!imaging!of!the!aggregates.!Organoids!develop!in!random!coordinates!around!the!aggregate!core,!making!it!difficult!to!make!comparisons!between!aggregates.!In#toto!imaging!(i.e.!using!confocal,!multiphoton!or!lightBsheet!microscopy),!rather!than!serial!analysis!of!cyrosections,!would!allow!more!accurate!quantification!of!organoid!attributes—number,!size,!hair!cells!per!organoid,!hair!cell!organization,!etc.—and!facilitate!timeBlapse!experiments!tracking!the!development!of!organoids!(Keller,!2013;!Sasai,!2013a).!Likewise,!recent!advances!in!tissue!clearing!technology!will!aid!the!imaging!of!entire!aggregates!(Chung!and!Deisseroth,!2013;!Chung!et!al.,!2013;!Ertürk!et!al.,!2012a;!2012b).!!!FUTURE!DIRECTIONS!Investigating!the!signaling!mechanisms!and!gene!regulatory!networks!underlying!nonneural,!preplacodal!and!inner!ear!induction!in!mouse!embryos!is!challenging;!mouse!embryos!are!inaccessible!in#vivo!and!can!not!be!cultured!ex#vivo.!For!obvious!ethical!reasons,!similar!analysis!is!impossible!in!human!embryos.!Moreover,!it!is!difficult!to!collect!the!large!amount!of!embryonic!tissue!needed!to!perform!biochemical!analyses!such!as!chromatin!immunoprecipitation.!The!described!3D!culture!system!addresses!these!issues!because!it!is!both!accessible,!scalable,!and!the!derived!tissues!are!highly!representative!of!their!embryonic!
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counterparts.!Besides!studying!early!inductive!events,!the!culture!system!can!be!used!to!evaluate!hair!cell!and!inner!ear!sensory!neuron!development,!as!well!as!hair!cellBsensory!neuron!synaptogenesis.!Additionally,!recent!advances!in!gene!targeting!technology!may!also!be!applied!to!create!knockout!and!knockBin!PS!cells!to!study!inner!ear!phenotypes!(Ding!et!al.,!2013a;!2013b).!The!20B30!day,!all!in#vitro,!format!is!a!quick!and!cost!effective!alternative!to!generating!an!entire!mouse!line!if!inner!ear!analysis!is!all!that!is!desired.!The!3D!culture!system!may!also!be!amenable!to!highBthroughput!drug!screening!to!uncover!novel!compounds!with!regenerative!or!toxic!affects!on!inner!ear!sensory!epithelia.!With!these!potential!applications!in!mind!I!will!briefly!examine!several!interesting!questions!that!should!guide!future!investigations!into!inner!ear!organoid!culture.!
Characterizing#sensory#neurons:#Are#they#authentic#inner#ear#neurons?#! Perhaps!the!most!unexpected!feature!of!our!3D!culture!system!is!that!sensoryBlike!neurons!develop!alongside!inner!ear!organoids.!These!neurons!extend!processes!toward!and!make!what!appear!to!be!synaptic!contacts!with!hair!cells,!based!on!expression!of!several!synaptic!markers.!Subsets!of!neurons!were!characterized!by!expression!of!Calb2,!Brn3a!and!Islet1,!which!are!indicative!of!rather!generic!populations!of!sensory!neurons.!In!the!inner!ear!this!marker!profile!is!similar!to!that!of!Type!I!SGNs!in!the!cochlear!or!vestibular!ganglion!neurons!that!form!calyces!on!Type!I!hair!cells.!Further!investigation!will!be!needed!to!truly!identify!whether!these!sensoryBlike!neurons!are!authentic!inner!ear!neurons.!Some!neural!ectoderm!tissue!develops!in!the!core!of!the!aggregates!(see!Figure!29),!so!it!is!unclear!whether!neurons!derived!from!this!population!contribute!to!the!sensoryB
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like!neuron!population!observed!in!our!study!(Koehler!et!al.,!2013).!One!approach!to!address!this!would!be!to!examine!whether!neuroblasts!delaminate!from!the!otic!vesicles!at!an!earlier!time!point!(day!12B15;!i.e.!prior!to!synapse!formation).!At!the!time!of!delamination!in#vivo!neuroblasts!are!closely!associated!with!the!otic!vesicle.!Therefore,!if!the!same!process!is!mirrored!in!organoid!culture!it!will!be!easier!to!establish!a!link!between!newly!born!neurons!and!otic!vesicles.!Because!each!aggregate!develops!differently,!however,!it!will!be!a!significant!challenge!to!track!neuroblasts!derived!from!otic!vesicles!over!time!to!determine!that!they!(1)!develop!into!sensory!neurons!and!(2)!innervate!organoid!epithelia.!The!imaging!and!tissue!clearing!modalities!mention!previously!will!certainly!facilitate!these!future!experiments.!!! The!structure!and!function!of!the!putative!synapses!will!also!need!to!be!investigated!in!more!detail.!From!our!initial!analysis,!we!cannot!tell!whether!the!individual!Ctbp2+!puncta!represent!synapses!with!multiple!neurons!or!multiple!preBsynaptic!structures!interacting!with!one!postBsynaptic!neuron.!This!is!an!important!distinction!with!regard!to!comparing!the!model!system!to!the!in#vivo!situation.!Vestibular!Type!II!and!inner!cochlear!hair!cells!both!generate!synapses!with!multiple!sensory!neurons!(~10B20!in!adult!mice).!Vestibular!Type!I!and!outer!cochlear!hair!cells!typically!generate!multiple!preBsynaptic!ribbons!for!one!or!a!few!sensory!neurons,!respectively.!Examining!this!issue!in!more!detail!or!investigating!whether!synapse!formation!can!be!manipulated!in!organoid!culture!may!lead!to!novel!insights!into!hair!cell!synaptogenesis.!!!!!
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Can#we#induce#cochlear#organogenesis#using#the#model#system?##Inner!ear!organoids!seem!to!exclusively!produce!type!II!vestibular!hair!cells!based!on!coBexpression!of!Myo7a,!Brn3c,!Pax2,!and!Calb2,!stereocilia!bundle!architecture,!voltageBgated!outward!rectifying!potassium!currents,!FM1B43!dye!uptake!and!their!organization!into!clusters!rather!than!rows!(Koehler!et!al.,!2013).!Previous!attempts!to!derive!hair!cells!have!not!led!to!a!level!of!characterization!suitable!to!make!claims!about!the!identity!of!the!hair!cells.!Although!not!mentioned!explicitly!by!the!authors,!the!hair!cells!derived!by!Oshima!and!colleagues!had!a!stereocilia!bundle!morphology!that!closely!resembled!that!of!native!vestibular!hair!cells!(i.e.!type!I!or!II)!and!the!hair!cells!derived!in!our!study.!Notably,!the!cell!and!bundle!morphology!is!difficult!to!discern!in!Ouji!et!al.!and!Chen!et!al.!studies.!Could!the!vestibular!hair!cell!fate!be!a!“default”!hair!cell!fate?!Lending!credence!to!this!notion,!evolutionary!studies!into!the!inner!ear!have!concluded!that!the!vestibular!organs!develop!in!vertebrates!prior!to!hearing!apparatuses!such!as!the!basilar!papilla!and!the!cochlea!(Fritzsch!et!al.,!2013;!Manley!and!Köppl,!1998).!A!logical!extension!of!this!discussion!is!to!ask!why!cochlearBlike!hair!cells!do!not!develop!in!the!Oshima!et!al.!and!our!study.!One!can!imagine!that!in!a!perfect!in!vitro!system!(i.e.!containing!every!signaling!cue!and!mechanical!support!found!in#vivo)!a!complete!inner!ear!could!develop!in!3D!culture.!Most!likely!there!are!signaling!cues!missing!in!our!model!that!contribute!to!cochlear!specification.!The!literature!points!to!sonic!hedgehog!signaling!as!a!critical!inducer!of!cochlear!tissue,!but!whether!this!mechanism!translates!to!in#vitro!differentiation!remains!to!be!seen!(Bok!et!al.,!2007;!Riccomagno!et!al.,!2002).!Future!studies!could!use!Shh!inhibitors!or!agonists!to!
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investigate!Shh’s!role!in!our!3D!culture!model.!Likewise!the!balance!of!BMP!and!Wnt!signaling!may!need!to!be!fine!tuned!to!yield!cochlear!tissue.!!!
What#are#the#hurdles#to#generating#human#inner#ear#organoids?##The!mouse!culture!model!provides!a!suitable!blueprint!for!generating!human!inner!ear!cells,!yet!several!issues!may!arise!while!translating!the!method.!First,!the!timing!of!human!development!differs!substantially!from!mouse!development.!If!the!current!protocol!produces!hair!cells!in!14!days,!it!may!take!as!long!as!30B40!days!for!hair!cells!to!emerge!in!human!ES!cell!culture.!An!apt!example!can!be!found!in!the!difference!between!mouse!and!human!SFEBq!cultures!that!produce!retinal!cups!(Eiraku!et!al.,!2011).!In!mouse!ES!cell!culture,!retinal!cups!develop!by!day!7!and!in!human!ES!cell!culture!they!develop!by!day!26!(Nakano!et!al.,!2012).!Consequently,!the!timing!of!each!treatment!needs!to!be!adjusted!in!our!culture!model.!In!addition,!the!size!of!the!aggregates!likely!needs!to!be!increased!(i.e.!by!seeding!more!ES!cells!at!the!beginning!of!the!culture);!thus,!proper!nutrient!exposure!and!oxygenation!become!major!issues.!A!recent!report!demonstrated!how!culturing!human!ES!cell!aggregates!in!a!bioreactor!enhances!the!variety!of!tissue!types!the!cells!can!selfBorganize!into,!the!overall!aggregate!size!and!the!health!of!the!tissue!(Lancaster!et!al.,!2013;!Sasai!et!al.,!2012;!Van!Winkle!et!al.,!2012).!Notably,!the!researchers!were!able!to!generate!aggregates!2B4!mm!in!diameter!that!contained!most!tissue!types!of!the!human!brain—designated!“cerebral!organoids“!(Lancaster!et!al.,!2013).!Combining!the!lessons!learned!from!these!studies!and!the!work!described!in!this!dissertation!should!aid!in!the!development!of!a!human!inner!ear!organoid!culture!system.!It!will!be!exciting!to!see!whether!translation!of!our!approach!to!human!ES!cells!or!iPS!cells!
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opens!the!door!to!novel!cell!therapies,!in#vitro!disease!models,!or!drug!discovery!platforms.!!!CONCLUSIONS!Decades!of!vertebrate!embryo!studies!have!culminated!in!our!detailed!understanding!of!the!molecular!and!biochemical!mechanisms!underlying!inner!ear!organogenesis.!In!this!dissertation!I!have!tested!and!reconfirmed!much!of!this!knowledge!by!successfully!recreating!the!process!in#vitro!using!PS!cells.!Importantly,!my!colleagues!and!I!demonstrated!that!by!focusing!on!early!cell!fate!transitions—nonneural!and!preplacode!induction—tissue!maintained!in!3D!culture!can!be!coaxed!to!selfBorganize!into!elaborate!inner!ear!organoids.!The!resulting!model!system!can!now!be!used!to!investigate!unforeseen!aspects!of!inner!ear!development!and!the!etiology!of!inner!ear!disorders.!!!!!!
*Portions'of'this'discussion'were'modified'from'a'forthcoming'book'chapter'
in'the'4th'edition'of'Development'of'Auditory'and'Vestibular'Systems*!!Koehler!KR,!Malone!A,!Hashino!E.!Recapitulating!inner!ear!development!with!pluripotent!stem!cells:!biology!and!translation.!Development!of!Auditory!and!Vestibular!Systems!4!edition.!Copyright!Elseiver!2014.!!! !
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